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ABSTRACT 
This thesis is aimed to describe several aspects and stages in the development of palladium 
catalytic systems through several case studies connected to functionalization of terminal 
acetylenes. 
Initially, the development of new ligand precursors is addressed through the synthesis of novel 
N-heterocyclic carbene (NHC) precursors, namely 1,3,4-triaryl-1H-1,2,3-triazolium salts. They 
were prepared by selective arylation of click triazoles with diaryliodonium salts in the presence 
of copper salts. The neat reaction protocol, which was also developed in a ‘one-pot’ fashion, 
allowed for the preparation of unsymmetrically substituted triazolium salts among which the 
examples containing pyridine substituent were particularly interesting. They were employed in 
the preparation of PdII, RuII and IrIII complexes. Additionally, Ru-NHC and Ir-NHC thus formed 
showed increased catalytic performance in transfer hydrogenation of benzophenone as compared 
to previously reported complexes with alkyl substituted Py-tzNHC ligands. 
Mechanism of copper-free Sonogashira reaction, an important cross-coupling process employing 
terminal acetylenes, was elucidated through a thorough experimental-computational study. It was 
demonstrated thorough an extensive 1D and 2D NMR study of reaction mixtures combined with 
reaction kinetics as well as density functional theory (DFT) calculations that the reaction operates 
through an interplay of two Pd catalytic cycles connected in the transmetallation step. The new 
mechanistic understanding of the catalytic process, that was previously overlooked, should inspire 
the development of new and improved catalytic systems for the preparation of internal acetylenes. 
The synthesis of highly substituted 1,3-enynes was investigated employing aryl halides and 
acetylenes. During the study, silyl-substituted geminal dimers of acetylenes were successfully 
coupled with aryl halides under the conditions for Heck coupling for the preparation of 1,2,4-
trisubstituted analogues of 1,3-enynes. 
Finally, the DFT mechanistic study of an effective hydroamination reaction of acetylenes 
catalysed by Pd-iPEPPSI (internal pyridine-enhanced precatalyst preparation, stabilization, and 
initiation) catalyst offered insight into the active role of pyridine substituent in pyridine 
substituted triazolium ligands (Py-tzNHCs). Noteworthy, pyridine substituent can act as an 
internal base and enable proton shuttling in this new type of catalysis. 
 
 
Keywords: palladium, triazolium salts, carbenes, catalysis, reaction mechanisms 
 -vii- 
POVZETEK 
Doktorsko delo obsega proučevanje in razvoj homogenih paladijevih katalitskih sistemov. 
Obravnava različne vidike v razvoju katalitskih procesov skozi obravnavo reakcij za 
funkcionalizacijo terminalnih acetilenov. 
Na začetku smo v delu razvili metodo za pripravo nove generacije prekurzorjev N-heterocikličnih 
karbenov (NHC), natančneje 1,3,4-triaril-1H-1,2,3-triazolijevih soli. Ariliranje klik triazolov z 
diariljodonijevimi solmi v prisotnosti bakrovega katalizatorja vodi do selektivnega nastanka N-3 
ariliranih produktov z dobrimi izkoristki. Metoda omogoča pripravo nesimetrično substituiranih 
triazolijevih soli, med katerimi so posebej zanimivi derivati funkcionalizirani s piridinskim 
substituentom. Te smo uporabili v postopkih sinteze PdII, RuII in IrIII kompleksov. Medtem ko 
nam paladijevih kompleksov ni uspelo pripraviti v čisti obliki zaradi nastanka kompleksnih zmesi 
produktov, smo novi generaciji Ru-NHC in Ir-NHC kompleksov izolirali z dobrimi izkoristki. 
Katalitsko aktivnost kompleksov z novo serijo ligandov smo testirali na primeru katalitskega 
hidrogeniranja s prenosom vodika. Primerjave rezultatov testiranja s predhodnimi podatki iz 
študij z alkil-substituiranimi solmi so pokazale, da so kompleksi s triariliranimi triazolijevimi 
ligandi, ki vsebujejo piridinski substituent, precej bolj stabilni, kar vodi do boljših izkoristkov 
pretvorb po daljših reakcijskih časih. 
Sonogashirova reakcija je pomembna s paladijem katalizirana reakcija spajanja za 
funkcionalizacijo terminalnih acetilenov. Mehanizem njene različice brez uporabe bakrovih 
kokatalizatorjev je kljub intenzivnim študijam ostal neraziskan. Z novim vpogledom v reakcijski 
mehanizem, ki ga je omogočil tip katalizatorjev na osnovi iPEPPSI ligandov (interna s piridinom 
olajšana priprava, stabilizacija in iniciacija predkatalizatorja), smo uspeli to uganko razrešiti. 
Kombinirana eksperimentalno-teoretična študija je s prepletom NMR analiz, kinetičnih raziskav 
in kvantnomehanskih DFT izračunov pokazala, da reakcija poteka preko dveh paladijevih 
katalitskih ciklov, ki ju povezuje stopnja transmetalacije. Nov vpogled v reakcijski mehanizem 
omogoča razvoj novih katalitskih sistemov za pripravo internih acetilenov. 
V delu je opisana tudi študija tvorbe substituiranih 1,3-eninov. V njej je predstavljena s paladijem 
katalizirana metoda za pripravo tovrstnih eninov s sililnimi substituenti. Gre za Heckovo reakcijo 
med geminalnimi dimeri acetilenov in aril halogenidi. 
Na koncu je v DFT mehanistični študiji reakcije hidroaminiranja organskih acetilenov 
katalizirane s Pd-iPEPPSI kompleksom predstavljen nov tip katalize. Študija je pokazala, da 
piridin poleg klasične stabilizacijske vloge deluje tudi kot aktiven ligand, ki v vlogi interne baze 
omogoči intramolekularni prenos protonov. 
Ključne besede: paladij, triazolijeve soli, karbeni, kataliza, reakcijski mehanizem 
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Chapter 1: INTRODUCTION 
The concept of catalysis was introduced by Swedish chemist Jöns Jacob Berzelius, who defined 
a catalyst as the substance which increases the rate of chemical reaction without getting consumed 
in the process. Furthermore, the increase in the rate of the catalysed reaction is often high enough 
that the reaction actually does not take place in the absence of the catalyst. This results in more 
feasible processes that require less energy input, reach higher yields, (stereo)selectivity, produce 
less waste, etc.1 It is of no surprise that catalysis is an inevitable part of almost all industrial 
processes – over 90% of manufactured products, which in Europe accounts for roughly around 
30% of gross domestic product (GDP), is produced through at least one catalytic process.2 
In chemistry, the term homogeneous catalysis is associated with the catalytic processes in which 
the catalysts operate homogeneously dispersed in the same phase as the reagents. This means they 
are usually, but not exclusively, dissolved in the solvent. There are several fundamental 
differences between homogeneous catalysis and its opposite term, heterogeneous catalysis, which 
encompasses catalysts in different phase as the reagents. A schematic representation of both 
processes on molecular level is displayed in Fig. 1. Each of them found different applications 
through which to hone their set of benefits.  
 
Figure 1. Difference between types of catalysis. a Homogeneous catalysis. b 
Heterogeneous catalysis.3 
Reactions in homogeneous systems proceed more uniformly and all the contents of the reaction 
vessel are exposed to the same conditions. This makes handling with them more predictable and 
understanding of effects during optimizations more straightforward. Mechanistic studies are less 
complicated due to uniform conditions, further advocating the understanding of processes and 
offering additional insight for optimization. They can, however, sometimes require difficult 
separation techniques to isolate the products. On the other hand, heterogeneous catalysts facilitate 
the isolation of products as well as enable catalyst recycling. It is somewhat more difficult to 
determine the exact reaction mechanisms on surfaces with properties dependent on the area of 
observation. 
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In order to improve the catalytic chemical transformations, it is thus necessary to improve catalyst 
efficiency. This can be achieved through optimization of ligand properties, fine tuning of 
(pre)catalysts or through the understanding of mechanisms through which catalysts operate. The 
story of this thesis attempts to describe these stages in the development of novel palladium 
complexes for efficient transformations of acetylenic substrates under homogeneous conditions. 
"Homogeneous catalysis is more dynamic than ever".4 
1.1 N-HETEROCYCLIC CARBENES (NHCs) 
N-Heterocyclic carbene (NHC) is a species in which the carbene, i.e. the carbon atom with 6 
valence electrons, among which two are nonbonding, is a part of nitrogen containing heterocycle. 
For a long time, there was a belief that carbenes can only exist as short-term reactive species. 
Unsuccessful attempts on their isolation, dating in the outset of the 19th century, were strongly 
corroborating this fact. And for the simplest carbene, i.e. methylene (Fig. 2a), this is mostly true 
because this 6-valence-electron species tends to fulfil the octet rule by accepting electrons from 
the surrounding molecules. Its strong electrophilic character is further demonstrated by the 
observed reactivity, such as insertion in C–X or unsaturated bonds.  
 
Figure 2. Carbene molecules. a Methylene, the simplest carbene. b The first isolated 
stable carbene. 
Only after 1991, when Arduengo et al.5 were able to crystalize a stable carbene shown in Fig. 2b, 
did the field of NHC chemistry start to gain attention. Afterwards, a booming expansion of the 
synthetic methodologies yielding a series of structurally diverse molecules shown in Fig. 3 can 
be attributed to their attractive chemical properties. When carbene is a part of the molecule, its 
properties are modified by the neighbouring atoms and functional groups. Due to this reason, 
NHCs exhibit nucleophilic rather than electrophilic properties. They emerged as a class of 
powerful ligands for transition metal complexes, outperforming cyclopentadienyls as well as 
contesting the dominant role of phosphines in the field. Among these, most attention was focused 
on the 5-membered heterocycles, namely imidazolylidenes and triazolylidenes.6 
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Figure 3. Structural diversity in NHC series. First row structures belong to the series 
of saturated NHCs starting with (benz)imidazolinylidenes. Second row features 
unsaturated, aromatic (benz)imidazolylidenes, pyrazolylidenes, triazolylidenes, 
tetrazolylidenes, and heteroaromatic oxyzolylidenes and thiazolylidenes. 
Most of the initially discovered NHCs had carbene located next to one or more nitrogen atoms. 
Due to historic reasons, these were named normal carbenes (nNHC). In addition to nNHCs, 
examples of 5-membered heterocycles in which the carbene is located at ring positions 4 or 5, are 
documented and presented in Fig. 4. In those cases, a neutral resonance structure cannot be drawn 
and requires the introduction of formal charges. These are termed as either abnormal carbenes 
(aNHCs) in order to emphasise their difference from nNHCs or mesoionic carbenes (MICs) to 
point out the necessity to draw them as zwitterionic resonance structures. When the carbene centre 
is not adjacent to any of the nitrogen atoms, it belongs to the group of remote carbenes (rNHC).6,7 
 
Figure 4. Normal, abnormal, and remote carbenes. Structural differences between 
NHC classes defined by relative positions of carbene and heteroatoms. 
1.1.1 Properties of NHCs 
The most basic properties of carbenes can be explained by examining their molecular structure 
and the energies of frontier molecular orbitals. The geometry at the carbene centre is planar/bent 
in most of the known cases and can be explained by sp2 hybridized carbon. The remaining two 
valence electrons can occupy the stabilized hybrid σ orbital or relatively unchanged pπ orbital, as 
demonstrated in the Fig. 5. The ground state with paired antiparallel spin electrons is termed as 
singlet carbene and the excited state with parallel unpaired electrons in σ and pπ is termed as triplet 
carbene. 
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Figure 5. Electronic states of carbenes and relative energy levels. Energy 
stabilization is achieved by deformation from linear shape. The bent geometry can be 
explained by sp2 hybridized molecular orbitals and additional p orbital not involved in 
hibridization.8 
The multiplicity of the carbene determines its properties and overall reactivity. Singlet carbenes 
exhibit ambiphilic character due to the fact that they possess an unbound electron pair 
(nucleophilic) as well as an unoccupied pπ orbital (electrophilic). On the other hand, triplet 
carbenes with two unpaired electrons can be considered as diradicals.8,9 
The first carbene examples had high triplet character and were prone to dimerization, forming 
olefins. The proposed mechanism of dimerization proceeds through a double bond formation 
between the two carbene carbons in triplet state. Singlet carbenes are less prone to dimerization.6,8 
Stability of the carbenes can thus be increased by expanding the singlet-triplet energy gap.10 
Energy levels of those orbitals are largely affected by the stereoelectronic properties of the 
substituents surrounding the carbene centre.8,11 In general, σ-electron withdrawing substituents 
lower the energy of the σ orbital, whereas the pπ level remains virtually unaffected. Resonance 
effects on the other hand raise the energy of pπ orbital through donation of π electrons, while not 
affecting the σ orbital. Both of these contribute to thermodynamic stabilization of singlet over 
triplet state. Substituents with σ-electron donating and/or π-withdrawing properties have the 
opposite effects, thus making triplet state more accessible. In addition to electronic effects of the 
substituents, steric hindrance can prevent access to carbene and prevent its dimerization or 
reaction with elemental oxygen, thus kinetically stabilizing the molecule.6 
Due to the large diversity in NHC structures, containing different 5- to 7-membered rings, this 
also reflects in variability of their properties. The effects on the carbene from the singlet-triplet 
approach discussed above can be classified in three structural contributions as shown in Fig. 6. 
The stability of carbene and its properties associated to ligand role, namely σ donating and π 
withdrawing abilities, are mostly determined by the choice of heterocycle. Substituents on the 
atoms adjacent to carbene centre affect these properties through both, thermodynamic as well as 
kinetic modulation. The substituents on the backbone of the carbene are usually distant enough 
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not to perturb the sterics but can be used to fine-tune the electronic properties of the carbene 
centre. Synthetic routes and general properties of NHCs have been extensively reviewed.12-16 
 
Figure 6. General structure of NHC with highlighted structural features. Class of 
heterocycle (grey) determines the overall carbene properties; 5-membered imidazole 
ring is used as a common representative. Substituents surrounding the carbene centre 
(red) demonstrate high steric as well as electronic impact on the carbene properties. 
Backbone substituents (blue) only have minimal steric impact, but can be used to fine-
tune the carbene properties through electronic effects.6 
1.1.2 Quantitative descriptors of NHC 
In rational design of catalysts, it is important to be able to quantitatively describe the ligand 
properties. This enables not only the comparison of different effects in the NHCs, but also the 
comparison with different classes of ligands. Such information is invaluable when selecting the 
appropriate ligands for desired transformations. The expansion of new NHC synthetic procedures 
thus went in hand with the development of a series of parameters to evaluate electronic properties 
of the carbene as well as steric hindrance around the centre. Several comprehensive reviews 
describe this process.6,17-19 
1.1.2.1 Electronic properties – σ donors, π acceptors 
There were several attempts to describe nucleophilicity of carbene centres. Varying from the 
fundamental measurements of acidity of protonated carbene precursors to kinetically derived 
parameters comparing rates for reactions of nucleophiles with sets of electrophiles, the most 
established one is by far the Tolman electronic parameter (TEP). TEP was initially developed to 
describe the properties of phosphines but was later generalized to additional ligand groups.20 It is 
an indirect measure of electronic properties of ligand in transition metal carbonyl complexes, 
determined by monitoring the way it affects the co-coordinated carbonyl groups. As the electron 
donating power of the ligand changes, so does the length and vibrational spectrum of the M–C≡O 
moiety. More electron donating ligands increase the electron density at the metal centre, 
strengthening the M–C bond and weakening the C≡O bond as a result. Longer C≡O bonds result 
in lower stretching frequencies of the carbonyl group. TEP was defined as the stretching 
frequency of A1-symmetric mode in [Ni(CO)3L] complexes.6,17,19 
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Recently, several new approaches were developed in order to account for the shortcomings of 
TEP, namely the difficult handling of nickel carbonyls, the nature of the effects that modify C≡O 
bond and practical/instrumental complications of measuring TEP. Nickel carbonyl complexes are 
extremely toxic, which makes the measurement of IR spectra nontrivial. Hence, other metal 
carbonyl complexes, e.g. iridium or rhodium were used as a more convenient replacement. Values 
determined for those complexes were correlating well with those originating from nickel carbonyl 
complexes. The effects in TEP are dominated by π-electron interactions, whereas NHC ligand 
binding is controlled by their σ-donating character. Furthermore, the narrow window of TEP 
values (30 cm–1) measured for distinctly different NHC classes, diminishes its ability to properly 
discriminate between those compounds.6,17,19 
Several methods based on NMR were developed to compare the electronic properties of NHCs 
and phosphines in their free form as well as bound in metal complexes. Huynh parameter is based 
on 13C NMR shifts of carbene carbon of spectator ligand in trans- position to the observed 
compound.21 Very sensitive probes exploiting the wide range of chemical shifts, which are even 
larger in case of 31P and 77Se NMR, were developed. The use of phosphine or selenium adducts 
with NHCs for measurement of π-accepting properties was described by groups of Bertrand22 and 
Ganter,23,24 respectively. 
As opposed to the indirect methods described above, electrochemical methods provide the means 
to directly determine the information about electron density at the metal centre. However, only a 
narrow series of NHC ligands were studied this way.25-27 
Another way to circumvent the handling of toxic complexes is the use of computational 
approaches, such as Density Functional Theory (DFT) calculations. This led to the development 
of computational electronic parameters (CEP). They showed high agreement between the 
measured TEP values as well as enabled the estimation of compounds not yet prepared. Cremer 
et al. introduced metal-ligand electronic parameter (MLEP) as an indirect measure of ligand 
binding strength.28 Analysis of calculated structures of uncoordinated ligands were also studied. 
Molecular electrostatic potential (MESP, VC) of carbenes showed good correlations with 
experimental TEP values. This provides a facile method of evaluating carbene electronic 
properties, even prior to their synthesis.29,30 
1.1.2.2 Sterics 
Aside from electronic properties of the ligands, the spatial arrangement around the metal centre 
is also important determinant of catalytic activity as well as stability. The list of descriptors is not 
as extensive as in the case of electronic ones, probably because spatial interactions are more easily 
accessible with direct methods, as opposed to TEP, which is an indirect measure of electronic 
effects.18 
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Tolman et al. defined a parameter termed as Tolman angle (θ) to describe the steric properties of 
phosphines (Fig. 7a).20 Development of new different series of structurally versatile ligands 
however made its application unstraightforward and a revised, more general approach was 
required. Nolan et al. defined percent of buried volume (%VBur) and its concept is shown in Fig. 
7b.31 It represents percentage of the sphere of chosen radius that is filled with ligand atoms. Good 
correlations between θ and %VBur were demonstrated for phosphine ligands. Facile determination 
from 3D structures made it an easy and accessible tool to estimate the steric properties of the 
ligands.32,33 Results obtained for NHCs are generally higher than that for phosphines, mainly for 
two reasons. Metal ligand bond in NHC complexes is shorter than in phosphine complexes. 
Additionally, the topology of NHCs is inherently different from phosphines. The substituents in 
phosphane point away from the metal, forming a cone, while the substituents around the carbene 
are directed towards the metal, forming a pocket. This is a reason for substituents on NHCs to 
have a stronger steric impact on the metal centre.34 
a)  b) 
 
 
 
Figure 7. Quantitative evaluation of ligand steric properties. a Tolman angle (θ) 
designed for characterization of phosphines. b Percent of buried volume (%VBur) as red-
shaded part of the sphere, occupied by ligand atoms. Comparison of substituent 
orientations in phosphine and NHC ligand reveals their inherently different topologies. 
Furthermore, steric maps were proposed to account for steric anisotropy of NHC ligands. They 
use colour contours to help visualize the steric bulk around the metal centre and serve as 
complementary information to the numerical %VBur parameter. This can prove helpful in 
understanding the catalytic pockets or allow to ascertain the origin of enantioselectivity.33,35 
1.1.3 Applications of NHCs 
As mentioned before, the rise in NHC chemistry was not only due to scientific curiosity, but also 
governed by their utilisation in many aspects of chemistry.  
Their major role is without a doubt as ligands in transition metal complexes. Strong dative 
coordination of the carbene lone pair stabilizes the metal centre. Although this binding fashion 
resembles that of phosphines, the properties of complexes can be significantly altered, and e.g. 
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lead to different reactivities in catalysis. Higher σ-donating character of carbenes offers better 
stabilization of low oxidation states. In addition to this, and as opposed to phosphine complexes, 
π-backbonding was identified as important contribution to metal-NHC binding, estimated to 
approximately 20% of orbital interaction energy.36 These complexes found many applications in 
homogeneous catalysis in synthetic organic chemistry. Furthermore, the involvement of NHCs as 
well as their transition metal complexes in industrial processes is well documented.37 
Besides the coordination to transition metals, NHCs also form adducts with main group elements, 
which in term led to the development of an important field of organocatalysis. This strong dative 
coordination results in significantly altered properties. On the other hand, steric bulkiness can 
prevent formation of traditional adducts, which results in formation of frustrated Lewis pairs 
(FLP), capable of splitting small molecules, e.g. hydrogen. Some of the major NHC modes of 
action, free of transition metals, are summarized in the Fig. 8.12 
 
Figure 8. Application of NHCs in organocatalysis. Transformations are based on 
activation of molecules to react through previously inaccessible states or by stabilizing 
the reactive intermediates. 
1.1.3.1 Materials 
High thermal stability as well as highly tuneable nature of NHCs and their metal complexes 
proved useful in the development of materials.38 Adjustment of electronic properties is essential 
for the development of materials with modulated optical properties.39,40 High thermal stability of 
metal-NHC complexes is favourable for the preparation of organometallic materials that can be 
adopted for different purposes, varying from self-healing and electrically conductive materials41 
to metal-organic frameworks.42 Azolium salts as well as some of the ionic NHC complexes with 
transition metals also possess interesting thermal properties. At high enough temperatures they 
can be found in the form of ionic liquids43 or liquid crystals,44 opening new areas of research and 
potential applications.  
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1.1.3.2 Biomedical applications 
Many of the prepared NHC containing compounds were also tested for biomedical applications. 
Transition metal complexes of gold(I) and silver(I) displayed promising antibacterial and 
anticancer activity.45,46 Anticancer activity was also observed in complexes of many other 
transition metals.47-49 
1.1.4 1,2,3-Triazol-5-ylidenes (tzNHCs) 
Depending on the arrangement of the three nitrogen atoms in triazol-5-ylidene, there are two 
possible isomers as demonstrated in the Fig. 9a. Analogue with 1,2,4-configuration is a member 
of nNHCs, whereas 1,2,3-triazol-5-ylidene (tzNHC) with mesoionic structure belongs to the 
aNHC group. Studies showed, that aNHCs are significantly more electron donating than their 
normal counterparts. This is evident from a low TEP value of tzNHC in Fig. 9b. Furthermore, 
Fig. 9b also demonstrates that even the electron deficient NHCs like 1,2,4-triazol-5-ylidenes, 
possess higher electron donicity than the most electron rich phosphines (PCy3). The ground state 
of electron rich aNHCs has a strong singlet carbene character. This makes tzNHCs particularly 
stable towards dimerization. They can, however, react vigorously with oxygen or water. Also in 
the case of 3-methyl substituted tzNHC analogues, Bertrand et al. have observed an 
intermolecular migration of methyl group to C-5 position.50 
 
Figure 9. Triazol-5-ylidenes. a Isomers of triazol-5-ylidene: 1,2,4-analogue (left) 
belongs to nNHC group and 1,2,3-analogue (right) is a member of aNHCs. b Donating 
properties of triazol-5-ylidenes compared to other NHC classes and a phosphine on TEP 
scale.6 A significant electron donating character is evident for tzNHC. 
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1.1.4.1 Synthetic routes to triazolium salts 
Carbenes are most commonly prepared by deprotonation of azolium salt precursors. Triazol-5-
ylidenes are no exception, with only two reports using different precursors. Upon abstraction of 
relatively acidic triazole proton H-5, 1,3-disubstituted triazolium salt yields tzNHC. Hence, the 
preparation of triazolium salts is the preliminary condition to access the desired tzNHC.51 
3-Alkylsubstituted tzNHCs 
These are generally synthesized through a highly modular approach demonstrated in Fig. 10a. It 
involves the CuI catalysed click reaction between alkyne and azide (copper catalysed azide-alkyne 
cycloaddition, CuAAC), followed by N-3 alkylation. This facile alkylation process is usually 
selective at N-3 position and can be successfully performed by various alkylating agents, ranging 
from relatively mild alkyl iodides to highly reactive Meerwein salts.52 The selectivity of alkylation  
 
Figure 10. Synthetic routes to 1,3,4-trisubstituted 1,2,3-triazolium salts. a 
Alkylation of click-triazoles. Alkylating reagents have methyl substituent for clarity. b 
1,3-Dipolar cycloaddition between azoniaalene salt and alkyne. c Examples of N3 
arylation procedures are scarce.  
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can be problematic when additional nucleophilic centres are present in addition to triazole 
nitrogen. This led to the development of some exemplary protocols involving protecting groups 
like BOC- for pyrrolidine or amine,51,53 TBDMS for alcohol,51 and N-oxide for pyridine moiety.54 
As mentioned above, alkylated tzNHCs can undergo decomposition by migration of alkyl group. 
This is less evident in case of branched alkyl groups, e.g. isopropyl, and negligible in case of aryl 
substituents.50 
3-Arylsubstituted tzNCHs 
Preparation of 1,3-diaryl analogues is currently limited to a different procedure, displayed in Fig. 
10b. Utilizing readily available triazenes and alkynes it furnishes triazolium salts through a formal 
1,3-dipolar cycloaddition of in situ generated azoniaalene salt and alkyne. The reaction initially 
discovered by Wirschun and Jochsim,55,56 has been adopted and expanded by Bertrand et al.50,57,58 
Stability of carbenes derived thereof, significantly increased compared to alkyl analogues, is 
evident from the successful attempts to prepare them in solid crystalline form.57 
Examples of arylation towards triazolium salts are scarce and are presented in Fig. 10c. They 
utilize aryl bromides for arylation of 1,5-triazole isomers59 or employ activated aryl halogenide 
derivatives, namely diaryliodonium salts, to demonstrate arylation of 1,4-triazoles.60,61 However, 
this copper catalysed protocols were latter not developed beyond single examples with phenyl-
groups to the generally applicable procedures. 
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1.2 Pd-tzNHC COMPLEXES 
Owing to one of the highest σ-donating ability among the NHC series, tzNHCs were also 
extensively studied for the preparation of transition metal complexes and their catalytic 
properties. Following different synthetic strategies depicted in Fig. 11, complexes have been 
prepared with a range of different transition metals.51 Among those, Pd-tzNHC are of high 
importance in the field of chemical synthesis catalysing many diverse reactions. 
Triazolium salts are relatively acidic and allow for a facile abstraction of H-5 proton with a base 
to afford tzNHC. Depending on the stability of the free carbene, tzNHCs can be either prepared 
in situ and coordinated to the desired metal or isolated and reacted with a metal precursor in a 
sequential step (Fig. 11a). Another approach demonstrated in Fig. 11b utilizes silver(I) oxide, 
Ag2O, for the preparation of Ag-NHC complexes through direct metallation. Obtained Ag-NHC 
complex is then exposed to a suitable metal precursor to furnish the desired metal-NHC complex 
in a transmetallation fashion. Direct metallation of tzNHC precursors shown in Fig. 11c is not 
well investigated. Some examples of thermally induced C-H bond activation were demonstrated.51 
  
Figure 11. Strategies towards metal-tzNHC complexes. a Coordination following 
base deprotonation of triazolium salt precursor. Can be performed in situ or in a 
sequential fashion. b Transmetallation from Ag-NHC. c Direct metallation. 
1.2.1 Pd-PEPPSI complexes and i 
In case of Pd-NHC complex shown in Fig. 12a, Organ et al.62 have discovered that pyridine as an 
additional ligand to NHC greatly enhances the stability of the palladium complex as well as 
increases its catalytic activity. Their findings gave birth to a new class of compounds termed as 
PEPPSI for pyridine-enhanced precatalyst preparation, stabilization and initiation. 
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Figure 12. Evolution of Pd-PEPPSI complexes. a The ‘parent’ PEPPSI complex.62 b 
iPEPPSI complexes with imidazol-2-ylidene ligands.63-66 c PEPPSI complex with 
aNHC.67,68 d iPEPPSI complex with Py-tzNHC.69 
Further studies of Pd-PEPPSI catalytic applications revealed that free pyridine ligand is prone to 
dissociation during the catalytic steps and thus lead to decomposition of complexes and lowering 
of catalytic activity. The design of novel ligands was therefore aimed at preparation of NHC 
compounds with appended pyridine functionality. Some prominent examples of pyridine 
functionalized imidazole-2-ylidenes, displayed in Fig. 12b, were reported as efficient catalysts 
for C–C bond formation reactions with high turnover numbers (TON).63-66 To emphasize the 
advantages of the attached pyridine sidearms as opposed to binary ligand systems, a term internal 
PEPPSI ligands (iPEPPSI) was coined to conveniently describe these compounds. 
As a result of significant σ-donating character tzNHC were also investigated as a promising NHC 
archetype for the Pd-PEPPSI formation. Indeed, developed by Albrecht et al.67 and further 
expanded by Hong et al.,68 complex in Fig. 12c outperformed the imidazole-2-ylidene derivatives 
in terms of catalytic activity and stability. 
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Figure 13. Alkylation of 1,4-disubstituted 1,2,3-triazolium salts. a Unselective 
alkylation of Py-substituted triazole. b Selective procedure through introduction of N-
oxide protecting group. 
Ultimately, the evolution of iPEPPSI analogues led to the development of pyridine-containing 
ligands with a tzNHC class of heterocycle (Py-tzNHC) evident from Fig. 12d. Following the 
synthetic strategy from Fig. 10 (vide supra) alkylation step is accompanied by unsought 
impediment. Heteroaromatic pyridine group presents an additional nucleophilic centre susceptible 
for alkylation, affording a mixture of N-3 and N-Py alkylated products as shown in Fig. 13a. This 
results in lowering overall yields and makes the isolation of pure product more difficult. To 
circumvent this inconvenience, a compelling procedure introducing N-oxide protecting group was 
developed to prepare the desired Py-tzNHC precursors in good yield, as demonstrated in Fig. 
13b.54 
1.2.2 Catalysis with Pd-iPEPPSI complexes 
Palladium complexes are important because of their recognized catalytic abilities and have 
become a vital tool in the arsenal of synthetic organic chemist. Since the discovery of NHCs, their 
Pd complexes have been successfully employed in a broad range of transformations, varying from 
allylic alkylations, copolimerizations,70 various oxidations,71 reductions,72,73 telomerizations, 
hydrofunctionalizations,74 and cross-coupling reactions75 (Fig. 14). The feasible formation of C–
C or C–heteroatom bond, accompanied with high tolerance towards a broad range of functional 
groups made the latter, cross-coupling reactions, a flagship of the Pd-NHC catalyst development. 
Although tzNHCs and among them iPEPPSI analogues are relatively young members of the NHC 
family, the beneficial catalytic activities usually governed their development and research.75,76 
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Figure 14. Pd-NHC catalysed reactions. The collection of most established catalytic 
reactions with Pd-NHC complexes. The use of Pd-tzNHC and Pd-iPEPPSI complexes 
has been rather utilized for the catalysis of cross-coupling reactions. 
1.2.3 Beyond Pd-iPEPPSI catalysis 
Preparation of effective transition metal catalytic systems with iPEPPSI ligands is not limited 
exclusively to palladium centred coordination compounds. Some prominent examples of Fe-,77 
Ru-,51,59,78-88 Os-,79,81 Co-,89 Ir-,51,79,84,90-97 Ni-,98 Pt-,99 and Cu-iPEPPSI100 complexes have been 
reported. Among them, RuII and IrIII centred complexes are most common. Their electrochemical 
properties were extensively studied in connection to their catalytic applications in oxidation or 
(transfer) hydrogenation reactions. The large availability of experimental results allows for 
straightforward comparison of different ligands. From this point of view preparation and 
characterization of Ir and Ru complexes present another interesting approach of ligand 
classification through evaluation of their catalytic activities.76 
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1.3 CROSS-COUPLING REACTIONS 
The term cross-coupling reactions encompasses a range of transformations that are based on the 
transmetallation of organometallic nucleophiles with organic electrophiles in the presence of 
transition metal catalysts to afford a new C–C or C–heteroatom bond.101 To enable easy 
disambiguation among a plethora of cross-coupling reactions that emerged by the end of the 
century and are portrayed in Fig. 15, the reactions were assigned unique ‘names’. These are based 
on the organometallic reagent employed as well as recognizing the importance of certain author 
contributions at the same time. For example, the protocol that couples organoboron species is 
termed as Suzuki-Miyaura reaction, because of initial mayor discoveries in the field were 
performed by Suzuki and Miyaura. 
 
Figure 15. Pd catalysed cross-coupling reactions. The collection of most established 
cross-coupling ‘name’ reactions between aryl halides (ArX) and organometallic 
coupling partners (ArY). The employed organometallic reagent determines the reaction 
name. 
Despite the apparently different protocols employing fundamentally different reagents, they were 
united under the name cross-coupling reactions. This generalization is justified by looking into 
the reaction mechanisms of these transformations. 
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1.3.1 Mechanistic interpretation of cross-coupling reactions 
Understanding of reaction mechanisms is a cornerstone in chemical science. Development of new 
synthetic protocols that enabled previously inaccessible C–C bond formations thus went in hand 
with attempts to rationally explain their mechanisms. A general mechanism that successfully 
describes most of the cross-couplings from Fig. 15, with some case-dependent exceptions, is 
shown in Fig. 16.102 
 
Figure 16. General mechanism of cross-coupling reaction. Catalytically active Pd0 
species A undergoes oxidative addition with aryl halide, yielding B. Successive 
transmetallation (TM) with organometallic reagent C leads to D, which upon reductive 
elimination (RE) affords the coupled product and regenerated catalytic species A. 
Common to all of the coupling reactions is the initial step, termed as oxidative addition (OA). 
Catalytically active ligated Pd0 species A activates the organic electrophile substrate through 
insertion in Ar–X bond, forming oxidative addition product B. Among most common substrates 
are aryl halides, hence the remaining molecules reacting in similar manner are termed as 
pseudohalides, e.g. aryl triflates. 
Palladium(0) species are usually unstable and employed pre-catalysts are usually in PdII oxidation 
state. In course of reaction initiation these pre-catalysts are transformed into coordinatively 
unsaturated and hence catalytically active Pd0 state. This process can happen through ligand 
dissociation or is assisted with base or solvent molecules. 
The nature of oxidative addition product was discussed in several papers.103-108 Oxidative addition 
is supposed to proceed to initially formed square-planar cis-B that promptly isomerizes to trans-
B in cis-trans isomerization step, which is often omitted from catalytic cycles (Fig. 17a).109-111 In 
case of sterically hindered ligands T-shaped tri- rather than tetra-coordinated Pd species were 
identified as the catalytic species (Fig. 17b). The missing dent in the square-planar geometry is 
compensated for by agostic interactions. The reactivity of such tricoordinate species was 
generally higher than in complexes with completely saturated coordination sphere.112,113 
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Figure 17. Oxidative addition products. a Square-planar isomers of B. b 
Tricoordinate alternative to conventional tetracoordinated species B. 
Following the oxidative addition product B formation is the crucial step of transmetallation (TM), 
that differs in the use of the reaction-specific organometallic reagent. In this step the halide X or 
ligand L in B undergoes associative substitution to R2 from C, yielding transient species D. 
Involvement of base might be required to increase nucleophilicity of C and increase its affinity 
towards B. 
Identification and characterization of the elusive transmetallation product D can be challenging 
due to its transient nature. Reaction rates following the transmetallation process are usually higher 
and prevent build-up of satisfactorily concentrations of D for analysis. It has been, however, 
identified in some specially designed studies demonstrated in Fig. 18. The first case in Fig. 18a 
demonstrates the transmetallation product formation in an intramolecular Stille reaction. The 
palladacycle does not undergo further RE due to high ring strain of the resulting four-membered 
heterocycle. In the second example in Fig. 18b, tridentate pincer ligand stabilizes the product of 
transmetallation. There is no additional coupling partner available on palladium to participate in 
further transformations. 
 
Figure 18. Probing transmetallation processes. a Transmetallation product that 
cannot undergo RE due to high ring strain in the product. b Tridentate pincer phosphines 
prevent groups required for RE to come close enough to react. 
Prior to reductive elimination (RE) trans-cis isomerization might be required, bringing the 
coupling counterparts R1 and R2 in close proximity. Bond formation between R1 and R2 takes 
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place in RE step forming final coupled product and regenerating the catalytic species A to 
reinitiate the catalytic cycle. 
1.3.2 Pd-tzNHC and cross-couplings 
The timeline of the cross-coupling development can be categorized by three milestones in the 
course of its history. Initiated by the discovery of benefits of Pd over Cu and Ni catalysts, the 
research focus shifted towards exploring the potentially available organometallic reagents in the 
second step, only to realize the importance of fine-tuning of catalytic systems in the final phase.101  
Catalyst design triggered more in-depth look into the properties of ligands that were used together 
with palladium catalysts and mapping of their properties to facilitate the ligand choice. This in 
term led to the broad expansion in the phosphine chemistry, ligands that still govern the cross-
couplings despite their drawbacks.101 An appealing alternative emerged with the discovery of 
carbene chemistry and Pd-NHC complexes showed many stimulating applications. Most of them 
are employed as PdII preformed complexes that act as pre-catalysts, however triazolium salts can 
be employed as well to assemble the catalytic species in situ. Regarding the tzNHC complexes as 
a trending class of NHCs, as well as their relatively underdeveloped Pd-iPEPPSI subgroup have 
been predominantly used for the Suzuki-Miyaura coupling.53,54,67,68,114-123 A handful of reports is 
also available on the catalysis of Hiyama,124 Buchwald-Hartwig,121,125 Heck,126 and Sonogashira69 
reactions.76 
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1.4 ORGANIC ACETYLENES 
Organic acetylenes also named alkynes are compounds that contain C≡C triple bond attached to 
the organic substituent. In terminal alkynes the second carbon along the triple bond is bound to 
hydrogen, whereas if it contains another organic substituent it is called an internal acetylene or 
tolane. Terminal acetylenes contain a versatile functional group that enables the formation of 
various molecules of interest in chemical synthesis. Figure 19 features this wide reaction spectra 
of fundamental alkyne reactivity.127 
 
Figure 19. Acetylenes in organic synthesis. A vast range of products derived from 
initial terminal alkynes. Their applications range from important reaction intermediates 
to functionalized products and ligand precursors. 
Electrophilic additions of hydrogen, hydrogen halides or water lead to more saturated and 
potentially functionalized products. Acetylenes can be transformed to metal acetylides and further 
reacted with various nucleophiles. Nucleophilic substitution with alkyl halides or additions to 
carbonyl containing species afford new C–C bonds. Similarly, activation by transition metal 
catalysts allows for the reactions with weaker nucleophiles in hydroamination and hydrosilylation 
reactions. Hydroboration reactions lead to the formation of functionalized alkenes. Involvement 
of alkynes in cycloaddition reactions was of great importance for the development of click 
chemistry. They are used for the production of molecules with roles ranging from malleable 
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building blocks for organic synthesis to important intermediates in preparation of pharmaceuticals 
such as Vitamin A,128 Altinicline,129 Antrocamphin A,130 Terbafine,131 and Calicheamicin γ1131 to 
name but a few.127 
1.4.1 Internal acetylenes132 
Preparation of internal acetylenes has drawn much attention in the chemical community because 
they, similarly to their terminal analogues, present important building blocks in organic synthesis. 
Tolanes contain an additional C–C bond compared to the terminal acetylenes and their preparation 
protocols benefited greatly upon the discovery of cross-coupling reactions. Palladium catalysed 
reaction between aryl halides and terminal acetylenes affording tolanes has been since then 
commonly known as the Sonogashira coupling. Following its discovery in 1975, the reaction was 
developed to a general and effective method to prepare substituted internal acetylenes.102,133-142 
Furthermore, industrial applications of the Sonogashira reaction are well documented.133,137 
Based on the reaction conditions employed there are two profoundly different protocols for Pd-
catalysed alkynylations as demonstrated in Fig. 20, initially reported in three concurrent 
contributions by Cassar,143 Dieck and Heck144 as well as Sonogashira, Thoda, and Hagihara.145 
Reaction conditions according to Cassar and Heck rest solely upon the use of palladium catalyst 
yet employ harsher reaction conditions (i.e. higher reaction temperatures). Contrary to this, 
Sonogashira procedure is conducted under mild, ambient reaction conditions due to the use of 
additional, copper co-catalyst. The favourable reaction conditions led to a rapid development of 
Pd/Cu catalytic systems to afford substituted alkynes in a plethora of synthetic applications, while 
Cassar-Heck contributions were left all but forgotten. Furthermore, the established general name 
for the cross-coupling protocol, i.e. Sonogashira reaction has become widespread to the extent 
that nearly all of the modern approaches employing organometallic reagents to couple acetylenic 
motifs are termed as some variant of ‘Sonogashira reaction’, even though they are not carried out 
under true Sonogashira reaction conditions.138 
 
Figure 20. General Sonogashira reaction. Aryl halide or pseudohalide is coupled with 
terminal acetylene into tolane through Pd catalysis. a Sonogashira protocol employs 
copper co-catalyst in addition to palladium. b Alkynylation according to Cassar and 
Heck is performed without copper co-catalyst and led to the development of copper-
free Sonogashira protocols. 
Such is also the case of copper-free Sonogashira reaction, i.e. palladium catalysed coupling 
towards internal acetylenes, which would more correctly be entitled as Cassar-Heck alkynylation. 
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Despite the seemingly superior catalytic properties of Pd/Cu system, the use of copper salts is 
accompanied with several drawbacks. Copper(I) salts are environmentally unfriendly reagents. In 
addition, they are prone to oxidation and require strict oxygen exclusion from the reaction 
mixture. Furthermore, they lead to the formation of undesirable alkyne homocoupling products 
(also known as Glaser-Hay coupling), thus lowering the yields and causing the loss of potentially 
precious alkyne reagents. Attempts to circumvent these undesired side-effects led to the 
development of copper-free conditions, hence copper-free Sonogashira variant was formed. 
1.4.1.1 Mechanistic attempts in Sonogashira reaction 
Mechanistic interpretations of Sonogashira reaction mechanism have generally agreed upon a 
transmetallation centred bicyclic process shown in Fig. 21a.145 Palladium cycle corresponds to a 
Sonogashira-specific version of a general oxidative addition–transmetallation–reductive 
elimination catalytic cycle discussed above (Fig. 16, p17).102 
Palladium(0) species A reacts with aryl halide to form oxidative addition product B, which 
proceeds towards the transmetallation event with copper acetylide C to yield D. RE step releases 
disubstituted acetylene product as well as regenerated Pd0 catalytic species. Base assisted 
formation of catalytic species C in the copper cycle is not completely scrutinized, but the overall 
mechanism is generally accepted in chemical community.102,134,136,138,141,142,146-149 
 
Figure 21. Mechanisms of Sonogashira reaction. a Classical Pd/Cu catalysed 
Sonogashira reaction proceeds along transmetallation centred catalytic cycles. b 
Proposed ‘textbook’ mechanism for copper-free Sonogashira reaction lacks the 
transmetallation step. 
Being of the same age, and despite the mainstream focus to copper assisted procedure, numerous 
studies have not yet managed to satisfactorily explain the mechanism of a copper-free variant.150-
160 A tentative mechanistic cycle in Fig. 21b was proposed by Soheili et al.150 It consists of a 
single Pd catalytic cycle that supposedly cannot build on the energetically favourable 
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transmetallation process. Alternatively, it was proposed that oxidative addition product B is 
involved in a reversible π-coordination of acetylene to complex C. This reversible process should 
also be responsible for the required harsher reaction conditions. Coordination to Pd thus increases 
the acidity of the terminal acetylene proton that can be subsequently deprotonated by a base to 
yield intermediate D. Although a lot of effort was dedicated to elucidation of those mechanistic 
steps and transient species, no viable experimental or computational proof was provided.151-160 
1.4.2 1,2,4-Tristubstituted enynes 
Acetylenic compounds that contain an additional double bond are called enynes. This additional 
functionality can be conjugated to the triple bond such as in case of 1,3-eynynes in Fig. 22a or 
separated by a chain of atoms such as in the case of 1,5-enynes (n = 2) in Fig. 22b. 
 
Figure 22. General enyne structures. a Conjugated 1,3-enyne and possible isomers of 
disubstituted analogues. b Isolated enyne. 
Maintaining the versatility of alkynes as well as the additional olefin group, 1,3-enynes can be 
utilized in many similar transformations, but also open the possibilities for some additional 
reactivity towards different (hetero)aromatic compounds.131,161 Furthermore, this motif is present 
in some of natural products as well as pharmaceuticals.131  
Highly functionalized 1,2,4-trisubstituted 1,3-enyne derivatives were not intensively studied.162 
Preliminary results however indicate additional interesting optical properties, namely high 
fluorescence.163 Literature reports for their synthesis are scarce and limited to specific substrates 
or attributed to special reaction conditions displayed in Fig. 23.161,164-170 Furthermore, there is a 
handful of reports mentioning 1,2,4-trisubstituted-1,3-enynes detected as a side product of 
palladium catalysed reactions involving acetylenes.163,171-174 However, none of the methods were 
afterwards developed into the appropriate synthetic protocols that would allow for the facile 
preparation of these alluring products. 
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Figure 23. Compilation of reports towards 1,2,4-trisubstituted-1,3-enynes. 
Substrates on the left are coupled with selected acetylenes. a The first group 
encompasses enynes derived from specific substrates. b In the second group enynes 
were detected only as side products. 
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1.4.3 Imines 
Acetylenes can be employed in hydroamination reaction to afford imines, nitrogen containing 
building blocks with synthetic interests in academia as well as industry for the production of 
natural products or active pharmaceutical ingredients (API). This reaction is kinetically difficult 
and transition metal catalysts are employed to facilitate the transformation as shown in Fig. 
24.175,176 To further increase the reactivity many of these reactions are performed with additives 
such as strong acids or bases at high temperatures. 
 
Figure 24. Hydroamination reaction. General reaction scheme of transition metal-
catalysed hydroamination of acetylenes to produce enamines and imines. 
Catalytic hydroaminations employing palladium catalysts are relatively scarce and offer 
additional options to expand the research field. With a handful of reports employing phosphine 
complexes of palladium,177-179 the rest were focused on the development of Pd-NHC catalysed 
hydroaminations.180-188 
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Chapter 2: GOALS and HYPOTHESES 
The main goal of this thesis is to develop new and improved catalytic systems for palladium 
catalysed reactions involving terminal acetylenes as important synthetic building blocks.  
This can be achieved through (i) the development of new and improved ligands for (ii) the 
synthesis of more active (pre)catalysts as well as (iii) gaining insight into the reaction mechanisms 
of selected transformations. 
The thesis will be aimed at answering more specific goals that can be assigned to the previous 
points as follows: 
(i) Augmentation of ligands will be based on the series of N-heterocyclic carbenes with pyridine 
appended substituents. Based on the current success of methylated or more generally alkylated 
derivatives of 1,2,3-triazolium salts, we will develop a method for preparation of arylated 
analogues, namely 3-aryl substituted 1,2,3-triazolium salts containing heterocyclic (pyridine or 
picoline) substituents. 
(ii) With the new arylated triazolium salts in hand, we will prepare novel complexes of transition 
metals with PdII, RuII, and IrIII as central atoms. These complexes will be employed in selected 
transformations to probe their catalytic activity and enable comparison with previously prepared 
alkylated analogues. 
(iii) Mechanistic studies are important for the understanding and rational design of chemical 
processes. Thus, in the series of reactions with terminal acetylenes, we will focus our effort on 
the investigation of copper-free Sonogashira reaction, synthesis of trisubstituted 1,3-enynes, and 
hydroamination of acetylenes. Mechanistic studies will entail an interplay of experimental and 
computational methods, focused mainly at the identification and preparation of reaction 
intermediates, kinetic studies as well as DFT calculations. 
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Chapter 3: RESULTS and DISCUSSION 
3.1 SYNTHESIS OF TRIARYLATED iPEPPSI LIGAND 
PRECURSORS 
Inspired by the success of transition metal iPEPPSI complexes prepared from alkylated triazolium 
salts containing pyridine moiety (vide supra, p12–15), we focused our research efforts towards 
the preparation of arylated analogues of those salts. Substituting alkyl for aryl group should 
beneficially affect the stability of tzNHCs derived from corresponding triazolium salts. 
Additionally, aryl groups allow for broader substitution patterns to be employed on the ring, 
which in turn modifies ligand stereoelectronic properties and allows for fine-tuning of NHC as 
well as metal-ligand properties pertinent to their chosen/desired application. 
3.1.1 Complications with the Bertrand approach 
According to the procedure by Bertrand et al.50,57 triarylated triazolium salts can be obtained from 
initial acetylenes and triazenes. Large availability of various acetylenes as well as modular 
approaches toward triazenes from anilines, another group of fundamental organic building blocks, 
make this method particularly attractive.  
This prompted us to employ 2-ethynylpyridine as well as 1,3-diphenyltriazene as the initial 
substrates. Following the experimental procedure shown in Fig. 25, mixture of triazene, acetylene, 
and potassium hexafluorophosphate, KPF6, was exposed to N-chlorinating agent tert-butyl 
hypochlorite at –78 °C. Unfortunately, the desired triazolium salt was only detected in trace 
amounts (<5%). Attempts at optimizing reaction conditions as well as modifying the sequence of 
reagent addition did not yield better results. The procedure is probably unproductive due to the 
presence of additional heteroatoms in reagents, which can affect the success of chlorination step. 
 
Figure 25. Synthesis of Py-containing triazolium salts according to Bertrand et al. 
Use of 2-ethynylpyridine in modified Bertrand procedure50,57 for preparation of Py-
substituted triazolium salts was unsuccessful. 
DOCTORAL DISSERTATION 
 
-30- 
 
3.1.2 Arylation with iodonium salts 
Faced with an impasse following the Bertrand procedure, we diverted our attention to possible 
alternatives.189 Employing arylating agents to triazoles seemed promising. Not only would the 
method benefit from the large availability of click triazoles to undergo arylation, but also afford 
unsymmetrical substitution pattern in 1,3-diaryl substituted products (Fig. 26). Preparation of 
unsymmetrical products by Bertrand procedure, inevitably requiring the use of unsymmetrical 
triazenes would be more challenging. 
 
Figure 26. 1,3-diaryl substitution pattern in triazolium salts. a Symmetrical salts 
prepared by Bertrand et al.57 b Unsymmetrical salts can be achieved by arylation of 
click triazoles. 
Literature search revealed a broad availability of arylating agents with different reactivities. Their 
general structures, comprising derivatives of sulfur, halogens, pseudohalogens, nitrogen, boron, 
silicon, and bismuth are shown in Fig. 27. Among those, iodonium salts as well as heteroaryl 
bromides were reported to successfully afford triazolium salts as already demonstrated in Fig. 10c 
(p10). As the preliminary reactions employing less reactive aryl bromides did not provide us with 
fruitful results, we focused our arylation attempts to iodonium salts as generally more activated 
aryl halide analogues. 
 
Figure 27. Arylating reagents. Various compounds involved in transfer of aryl group 
to the desired centre. Their reactivity varies and can be thus applied in metal catalysed 
or metal-free arylations. 
3.1.2.1 Diaryliodonium salts 
Diaryliodonium salts are members of λ3-iodanes, a group of hypervalent iodine(III) compounds 
with high electrophilic reactivity. Iodonium salts have pseudo-trigonal bipyramidal geometry 
shown in Fig. 28a with aryl groups approximately at 90° angle. The ‘hypervalent’ I–X bond is 
generally longer, thus weaker and expresses different degrees of secondary bonding. In 
symmetrical salts the substituents R1 and R2 are identical, whereas in unsymmetrical they are 
not.190-193 
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Iodonium salts are easily prepared from the corresponding aryl iodides and arenes in the presence 
of an oxidizing agent and a strong acid. Synthetic routes towards diaryliodonium salts are shown 
in Fig. 28b. Initial stepwise procedures required oxidation of an aryl iodide to iodine(III), followed 
by a ligand exchange with an arene or activated organometallic reagent. Later, these procedures 
were developed into robust one-pot protocols or modified to enable the preparation of 
unsymmetrical salts with less reactive substrates.190-193 
 
Figure 28. Diaryliodonium salts. a General structure. The nature of anion X 
determines the geometry and reactivity to some extent. b Reaction procedures toward 
symmetrical and unsymmetrical iodonium salts. 
Diaryliodonium salts are shelf-stable reagents widely employed as electrophilic arylating agents, 
as well as relatively strong oxidants.191 The reactivity of iodonium salts in arylations is generally 
higher than that of aryl halides or pseudohalides. This can be explained by relatively good leaving 
group ability of ArI, which is approximately 106 times greater as compared to OTf.194 
3.1.2.2 Model reaction and optimization of reaction conditions 
We initiated our quest by establishing some preliminary parameters for the arylation of triazoles 
in a model reaction between 1,4-diaryl-1H-1,2,3-triazoles 1.1Aa and 1.1Ab combined with 
diphenyliodonium tetrafluoroborate (1.2a). The results are collected in Table 1. Reagents were 
initially dissolved in polar organic solvents such as N,N-dimethylformamide (DMF) and 
tetrahydrofuran (THF) in the presence or absence of copper salt additives. Copper salts are 
typically required in arylations of heterocycles with diaryliodonium salt.60,195-200 Reaction 
progress was monitored by 1H NMR spectroscopy of the aliquots taken from the reaction 
mixtures. 
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Table 1. Probing arylation of triazoles 1.1A with diaryliodonium salt 1.2a. 
 
Entry Conditions Results and observations 
1 Solvent, rt initial reagents 
2 Solvent, rt, Cu cat. initial reagents 
3 Solvent, 100 °C initial reagents 
4 Solvent, 100 °C, Cu cat. products 
5 Neat, 130 °C, Cu cat. products (easily isolable) 
 
As no reaction took place at room temperature (entries 1 and 2) as determined by the presence of 
initial reagents in the crude reaction mixtures, the sealed reaction vessels were heated up to 100 
°C (entries 3 and 4). Only in the presence of a copper salt could we observe the formation of 
triazolium salt 1.3A as indicated by the appearance of a characteristic H-5 resonance, shifted 
approximately 1 ppm downfield as compared to the starting triazole 1.1A. This was also in 
agreement with the chemical shift change observed in case of N-3 alkylated triazolium salts.54,201 
In addition to the reactions performed in solvents, the test reactions were also carried out neat 
(entry 5). This proved optimal in terms of the reaction time, use of reagents, conversion, and 
purity of the desired product 1.3A, as well as enabled for the facile isolation procedure. 
Arylation with iodonium salts 1.2 produces aryl iodide as a waste product. In some cases, the 
initial reagents can be expensive, especially in preparation of symmetric iodonium salts. To make 
the method more general along with lowering the cost of the initial reagents, symmetric iodonium 
salt 1.2a was replaced by unsymmetrical aryl(mesityl)iodonium triflate (1.2b). This was based on 
the well documented transfer of the aryl group in metal catalysed arylations and their facile 
preparation from aryl iodides, mesitylene, and triflic acid.202 Experiments confirmed that indeed 
1.2b led to selective transfer of the phenyl group towards product 1.3Ab as demonstrated in Fig. 
29a. Furthermore, no mesitylated product was observed in the 1H NMR spectrum after the 
reaction completion. In case of triazoles containing heteroaromatic substituents, mono- and di-
arylated side products containing N-arylated pyridine are plausible as shown in case of triazole 
1.1Ba in Fig. 29b. Additional model substrate, namely 2-(1-(p-tolyl)-1H-1,2,3-triazol-4-
yl)pyridine (1.1Ba) was thus selected for the optimization of reaction conditions. 
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Figure 29. Model reactions for the arylation of triazoles. a Arylation of triazole 
1.1Ab towards 1.3Ab, that does not contain heteroaromatic substituents. b Arylation of 
triazole 1.1Ba towards 1.3Ba, containing pyridine substituent. Possible side products 
1.3Ba' and 1.3Ba'' are included. 
Based on the initial observations that arylation reactions require elevated temperatures as well as 
an addition of copper salt, we conducted a series of optimization experiments varying different 
experimental factors, such as reaction temperature and time as well as ratio and composition of 
reagents. Somewhat higher reaction temperature was employed since it was no longer limited to 
the boiling point of the solvent. Temperature of 130 °C enabled melting of the reagents as well as 
yielded complete conversion to salt 1.3Ab in 3 h. It was established that as low as 1.4 equiv of 
iodonium salt 1.2 was required to achieve complete conversions of triazoles 1.1 to triazolium 
salts. Somewhat longer reaction times (17 h) as well as higher loading of iodonium salts (1.8 
equiv) were selected for general conditions to assure complete conversions. In arylation of 1.1Ba, 
a side product 1.3Ba' from Fig. 29 was indeed detected. The effects of reaction conditions on the 
selectivity towards 1.3Ba were thus considered in addition to reaction conversion. Employing 
iodonium salts with different anions as well as different copper salts offered slightly different 
results as evident from Tables 2 and 3. Among iodonium salts phenyl(mesityl) triflates performed 
best, but generally conversions towards the desired N-3 arylated product were in the range of 60–
70%. Similar range (56–78%) was also observed in the case of different copper salts, with CuBr2, 
CuI, and CuSO4 yielding the best results. Although CuBr2 performed better in arylation of 1.1Ba 
with 1.2b as compared to CuSO4 its catalytic activity was somehow diminished in arylations of 
other tested triazoles. Thus, CuSO4 was selected as a catalyst of choice for the general procedure. 
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Table 2. Arylations of 1.1Ba using different phenyl(mesityl)iodonium salts (1.2).a 
 
Entry Iodonium salt Anion (X–) %Conversion to 1.3Ba 
1 1.2b TfO– 73 
2 1.2c TsO– 68 
3 1.2d BF4– 61 
4 1.2e ClO4– 59 
5 1.2f HSO4– 60 
6 1.2g PF6– 64 
a Reaction conditions: 1.1Ba (0.2 mmol, 1 equiv), 1.2 (1.8 equiv), CuSO4 (0.1 equiv), 130 °C, 17 
h. 
Table 3. Arylations of 1.1Ba using different copper catalysts.a 
 
Entry Copper salt %Conversion to 1.3Ba 
1 CuI 74 
2 [Cu(PPh3)3Br] 64 
3 CuCl2 59 
4 Cu(OAc)2 · H2O 60 
5 Cu(OTf)2 56 
6 CuBr2 78 
7 Cu(NO3)2 · 3 H2O 66 
8 CuBr 70 
9 Cu(OAc) 59 
10 
 
65 
11 CuCN 66 
12 CuCl 63 
13 CuSO4 73 
a Reaction conditions: 1.1Ba (0.2 mmol, 1 equiv), 1.2b (1.8 equiv), CuSO4 (0.1 equiv), 130 °C, 
17 h. 
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To summarize the results of the screening experiments, an optimized general procedure for the 
arylation of triazole 1.1 (1.0 equiv) involved heating in a neat mixture with diaryliodonium salt 
1.2 (1.8 equiv) and CuSO4 (0.1 equiv) at 130 °C for 17 h. Afterwards, a facile isolation by 
dissolving the crude reaction mixture in acetone followed by trituation with hexanes yielded pure 
triazolium salt 1.3. In case of triazolium salts 1.3B, additional purification using column 
chromatography was required to separate the desired salt 1.3B from the side product. 
3.1.2.3 Arylation of triazoles 1.1 
With the established general procedure for the arylation reaction, we employed the reaction 
conditions to a series of selected 1,4-diaryl-1H-1,2,3-triazoles (1.1A) to test the reaction scope. 
Reactions were performed with a range of differently subsituted aryl(mesityl)iodonium salts 1.2. 
In addition, to demonstrate that one can also employ symmetric diaryliodonium salts, bis(4-
methoxyphenyl)iodonium tetrafluoroborate (1.2j) was selected in all subsequent experiments for 
the introduction of 4-methoxyphenyl group. The results of the reaction scope screening are 
collected in Table 4. 
Arylation of triazoles 1.1Aa–f performed well with a broad functional group tolerance. Triazoles 
containing electron-withdrawing or electron-releasing groups as well as iodonium salts for the 
introduction of aryl groups with electron-withdrawing or electron-releasing effects resulted in 
excellent yields. Functional groups were well tolerated ranging from hydrogen and methyl to 
trifluoromethyl and nitro as well as methoxy group. The exception was the case involving 
dimethylamino substituent in reaction between 1.1Ad and 1.2m (entry 10), where the presence of 
NMe2 nucleophilic centre could be responsible for the diminished yield of 1.3Aj. Nevertheless, 
triazolium salts with push-pull effects (entries 14 and 15) were also prepared in excellent yields. 
Additionally, to demonstrate the preparative applicability of the arylation procedure, synthesis of 
1.3Ab was also conducted on a larger (10×, 2 mmol) scale, returning excellent results. 
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Table 4. Scope of the arylation of 1,4-diaryl-1H-1,2,3-triazoles 1.1A into 1.3A.a 
 
Entry Triazole R1 R2 1.2 R3 Product Yieldb 
1 1.1Aa H H 1.2b H 1.3Aa 97 
2 1.1Ab CH3 H 1.2b H 1.3Ab 99 (94)c 
3 1.1Ab CH3 H 1.2h 4-CF3 1.3Ac 95 
4 1.1Ab CH3 H 1.2i 4-CH3 1.3Ad 95 
5 1.1Ab CH3 H 1.2jd 4-OMe 1.3Aee 99 
6 1.1Ab CH3 H 1.2k 4-NO2 1.3Af 75 
7 1.1Ab CH3 H 1.2l 3-CF3 1.3Ag 71 
8 1.1Ac OMe H 1.2b H 1.3Ah 95 
9 1.1Ad NO2 H 1.2b H 1.3Ai 94 
10 1.1Ad NO2 H 1.2m 4-NMe2 1.3Aj 32 
11 1.1Ad NO2 H 1.2jd 4-OMe 1.3Ake 93 
12 1.1Ad NO2 H 1.2i 4-CH3 1.3Al 98 
13 1.1Ad NO2 H 1.2k 4-NO2 1.3Am 95 
14 1.1Ae OMe NO2 1.2jd 4-OMe 1.3Ane 88 
15 1.1Af NO2 OMe 1.2jd 4-OMe 1.3Aoe 89 
a Reaction conditions: 1.1 (0.2 mmol, 1 equiv), 1.2 (1.8 equiv), CuSO4 (0.1 equiv), 130 °C, 17 h. 
b Isolated yield (%). c 2 mmol scale of 1.1Ab d 1.2j refers to (4-MeO-C6H4)2I+ BF4–. e As 
tetrafluoroborate salt. 
In addition to NMR analysis of product salts 1.3, a monocrystal was also grown from the 
concentrated solution of 1.3Aa in ethyl acetate and hexane. The determined crystal structure 
displayed in Fig. 30 serves as an additional proof that arylation proceeds towards N-3 arylated 
products. 
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Figure 30. Structure of triazolium salt 1.3Aa as determined by XRD.203 
Novel Py-containing triazolium salts 
After the arylation method was tested on the series of triazoles encompassing different electronic 
properties of substituents, it was time to apply the protocol to substrates containing heterocyclic 
substituents. Two series of triazolium salts containing pyridyl or picolyl substituents were 
prepared with general structures displayed in Fig. 31. 
 
Figure 31. Arylated triazolium salts with heterocyclic substituents. a 4-Pyridyl- 
tiazolium salts (1.3B). b 1-Picolyl- triazolium salts (1.3C). 
The scope of the arylation of 4-pyridyl triazoles 1.1B using mesityl(phenyl)iodonium triflates 
1.2b,h,i,n–p and bis(4-methoxyphenyl)iodonium tetrafluoroborate (2j) was investigated as 
shown in Table 5. Triazolium salts 1.3B were obtained in good yields, which were somewhat 
lower as compared to the results of arylation towards salts 1.3A (Table 4). This was due to the 
formation of NPy arylated side products 1.3B' and the necessity for chromatographic purification. 
A side product was isolated and characterized in the case of reaction towards 1.3Bk as the side 
product 1.3Bk' (see Fig. 29b on p33), whereas product 1.3Bk'' has not been detected. In the 
remaining cases the side product 1.3B' was disregarded due to low amounts and difficulty to 
obtain it in pure form. Again, the protocol enabled the preparation of pyridyl-triazolium salts 
1.3Ba–n having both, the electron-withdrawing and electron-releasing substituents. The general 
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yields of >60% enable the preparation of triazolium salts for use in organometallic synthesis 
without the use of protecting groups, as opposed to the alkylated salts that are prepared using N-
oxidation/reduction methodology to avoid N-alkylated products.54 Arylation of triazole 1.1Bf 
with alkyl substituent (R1 = Ethyl) with 1.2j also worked well with 1.3Bn being isolated in 
65%yield. In contrast to the above, an attempt to introduce a bulky mesityl group was less 
successful. The reaction between triazole 1.1Ba and dimesityliodonium triflate (1.2p) resulted in 
the corresponding triazolium salt 1.3Bh with only 17% yield (entry 8). Additionally, the reaction 
between 1.1Ba and ortho-CF3 substituted iodonium salt 1.2o resulted in a complex mixture of 
products, from which unreacted 1.1Ba (79%), 1.3Bg (3%), and 1.3Bh (5%) could be identified 
by 1H NMR spectral analysis and comparison with the spectra of the corresponding authentic 
samples. 
Table 5. Scope of the arylation of 1-aryl-4-pyridyl-1H-1,2,3-triazoles 1.1B into 
1.3B.a 
 
Entry Triazole R1 1.2 R3 Product Conversion (yield)b 
1 1.1Ba 4-CH3-C6H4 1.2b Ph 1.3Ba 73 (69) 
2 1.1Bb Ph 1.2b Ph 1.3Bb 71 (63) 
3 1.1Bb Ph 1.2jc 4-MeO-C6H4 1.3Bce 77 (70) 
4 1.1Ba 4-CH3-C6H4 1.2h 4-CF3-C6H4 1.3Bd (63) 
5 1.1Ba 4-CH3-C6H4 1.2jc 4-MeO-C6H4 1.3Bee 72 (59) 
6 1.1Ba 4-CH3-C6H4 1.2n 4-Cl-C6H4 1.3Bf 57 (44) 
7 1.1Ba 4-CH3-C6H4 1.2o 2-CF3-C6H4 1.3Bg d 
8 1.1Ba 4-CH3-C6H4 1.2p Mes 1.3Bh 21 (17) 
9 1.1Bc 4-MeO-C6H4 1.2b Ph 1.3Bi 70 (58) 
10 1.1Bc 4-MeO-C6H4 1.2jc 4-MeO-C6H4 1.3Bje 78 (64) 
11 1.1Bd 4-NO2-C6H4 1.2i 4-CH3-C6H4 1.3Bk 71 (60) 
12 1.1Bd 4-NO2-C6H4 1.2jc 4-MeO-C6H4 1.3Ble 68 (57) 
13 1.1Be 4-NMe2-C6H4 1.2b Ph 1.3Bm 73 (62) 
14 1.1Bf Et 1.2jc 4-MeO-C6H4 1.3Bne 80 (65) 
a Reaction conditions: 1.1 (0.2 mmol, 1 equiv), 1.2 (1.8 equiv), CuSO4 (0.1 equiv), 130 °C, 17 h. 
b Isolated yield (%).c 1.2j refers to (4-OMeC6H4)2I+ BF4–. d Complex mixture of products. e As 
tetrafluoroborate salt. 
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Afterwards, the scope of arylation of triazoles 1.1Ca–c containing picolyl substituent was 
investigated. Introduction of a CH2 bridge that severs the conjugation between the pyridine and 
the triazole ring proved beneficial for the selectivity of the arylation. Triazoles 1.1C were reactive 
only towards the desired N-3 arylated products and no undesired pyridine arylation was observed. 
Additionally, introduction of a CH2 bridge into 1.3C should also influence the electronic effects, 
bite angle, and conformational mobility of the carbene ligand, which should be drastically 
different as compared to the ones derived from salts 1.3B.76,204,205 Employing the general reaction 
conditions allowed the preparation of products 1.3Ca–d in excellent yields (Table 6). 
Table 6. Scope of the arylation of 1-picolyl-4-aryl-1H-1,2,3-triazoles 1.1C into 
1.3C.a 
 
Entry Triazole R2 1.2 R3 Product Yieldb 
1 1.1Ca H 1.2b H 1.3Ca 94 
2 1.1Cb CH3 1.2b H 1.3Cb 98 
3 1.1Cc OMe 1.2b H 1.3Cc 92 
4 1.1Cc OMe 1.2jc OMe 1.3Cdd 92 
a Reaction conditions: 1.1 (0.2 mmol, 1 equiv), 1.2 (1.8 equiv), CuSO4 (0.1 equiv), 130 °C, 17 h. 
b Isolated yield (%). c 1.2j refers to (4-OMeC6H4)2I+ BF4–. d As tetrafluoroborate salt. 
Triazole 1.1D containing both pyridyl and picolyl substituents is an interesting ligand, that has 
multiple binding sites and offers the construction of multimetallic coordination architectures.206 
Subjecting the iodonium salt 1.2b to the triazole 1.1D under the general arylation conditions 
resulted in 1.3D with modest 43% yield (Fig. 32a). The result is consistent with that for arylation 
of 4-pyridyl triazoles 1.1B (Table 5). The lower yield can be explained by the formation of 
undesired Py-arylated side products. 
DOCTORAL DISSERTATION 
 
-40- 
 
 
Figure 32. Arylation towards multidentate NHC ligand precursors. a Triazole 1.1D 
containing both 4-pyridyl and 1-picolyl substituents offers the construction of 
multimetallic coordination architectures. b Arylation of TBTA (1.1E), a multidentate 
triazole-containing ligand, allows the preparation of a stable tris-carbene precursor. i 
General conditions: 1.1 (0.2 mmol), 1.2a (1.8 equiv), CuSO4 (0.1 equiv), 130 °C, 17 h. 
ii Isolated yield. 
Another interesting substrate is tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA, 1.1E) 
that coordinates metals in tetradentate fashion. No triazolium salts derived from 1.1E has been 
reported so far. Alkylation attempts were unsuccessful due to the formation of a complex mixture 
of products and decomposition of amine centre upon quaternization.207 Arylation under general 
conditions, however, returned selectively tris-(N-3)-arylated product 1.3E in good yield (Fig. 
32b). This presents an interesting new option for the preparation of tris-MIC ligands. 
3.1.2.4 One-pot protocols 
The fact that both reactions, the click-reaction for preparation of 1,4-diaryltriazoles (1.1) as well 
as the developed arylation procedure for preparation of triazolium salts 1.3 require copper-
catalysts, inspired us to combine both steps into a one-pot protocol. Starting from an organic azide 
1.4, a terminal acetylene 1.5 and iodonium salt 1.2 would thus in the presence of a copper-catalyst 
yield triazolium salt 1.3. The choice of catalyst had to be suitable for both reaction requirements. 
Click reaction on one hand requires CuI catalysts, whereas the arylation proceeds only at high 
temperature. Copper(I) species are prone to oxidation to CuII, even more so at elevated 
temperatures, thus rendering them inactive for click reaction.208 [Cu(PPh3)3Br] that owes high 
temperature stability to phosphine ligands and has also efficiently promoted some demanding 
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CuAAC reactions was selected as the catalyst of choice.201,209 Indeed, 0.5 mol% of the complex 
led to the complete conversion of starting materials to desired triazolium salts 1.3. The results of 
a brief substrate screening are presented in Table 7. One-pot protocol was successful in a 
representative example for each of triazolium salt classes 1.3A–C. 
Table 7. One-pot CuAAC–arylation reaction towards triazolium salts.a An example 
for each of the product triazolium salts classes was successfully prepared. 
 
Entry R1 R2 Product Conversion (yield)b 
1 Ph Ph 1.3Aa 100 (92) 
2 Ph 2-Py 1.3Bb 60 (48) 
3 2-Pic Ph 1.3Ca 100 (94) 
a Reaction conditions: 1.2b (1.6 equiv), 1.4 (1 equiv), 1.5 (1.2 equiv), [Cu(PPh3)3Br] (0.05 equiv), 
130 °C, 3 h. b Isolated yield (%). 
A remarkable utility of the one-pot CuAAC–arylation procedure inspired us to extend the 
procedure by an additional step, namely an in situ formation of the organic azide 1.4. The 
formation of aryl azides from diaryliodonium salts and inorganic sodium azide is well 
documented.210 Heating a mixture of phenylacetylene (1.5a), symmetrical diphenyliodonium 
triflate (1.2l), and sodium azide in the presence of aforementioned [Cu(PPh3)3Br] catalyst resulted 
in quantitative formation of triazolium salt 1.3Aa. This one-pot protocol was extended to some 
more examples as demonstrated in Table 8. Symmetric iodonium salts 1.2 were used to avoid the 
Table 8. One-pot azide-formation–CuAAC–arylation reaction.a 
 
Entry R1 R2 Product Conversion (yield)b 
1 Ph Ph 1.3Aa 100 (96) 
2 Ph 2-Py 1.3Bb 60 (47) 
3 4-MeO-C6H4 Ph 1.3Bj 71 (55) 
a Reaction conditions: 1.2 (2.6 equiv), 1.5 (1 equiv), NaN3 (1 equiv), [Cu(PPh3)3Br] (0.05 equiv), 
130 °C, 3 h. b Isolated yield (%). 
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selectivity issues with the aryl group transfer. 
Notably, only products with identically substituted N1/N3 positions can be prepared in this 
manner, which can be explained by a proposed reaction mechanism displayed in Fig. 33. Initially, 
first equivalent of iodonium salt 1.2 reacts with sodium azide, forming in situ aryl azide 1.4. Upon 
formation, azide enters CuAAC reaction with acetylene 1.5, forming triazole 1.1, which 
sequentially reacts with the second equivalent of iodonium salt 1.2. Substitution pattern on N1/N3 
is the same as in case of 1,3-dipolar cycloaddition by Bertrand et al. (Fig. 10b, p10).50,57,58 
However, the key feature of this one-pot protocol is the ability to produce heteroaromatic 
derivatives, which have previously not been accessible. 
 
Figure 33. Proposed course of the reaction for one-pot protocol. Three sequential 
steps, namely azide formation, CuAAC reaction and arylation reaction can be performed 
in a stepwise or one-pot fashion.  
 
  
 RESULTS and DISCUSSION 
 
-43- 
 
3.2 NOVEL METAL-NHC COMPLEXES 
With novel triazolium salts 1.3 in hand we proceeded toward their application as NHC ligands 
for transition metal complexes. Among triazolium salts class 1.3B compounds with appended 
pyridine on position 4 were chosen as the most promising ligand precursors, based on the recent 
success of its alkylated analogues. Upon abstraction of H-5 proton they tend to form relatively 
stable carbenes (Py-tzNHCs) with significant σ-donating character as demonstrated in Fig. 34. 
This makes them suitable for use as ligands for transition metals. Formation of a tetracoordinated 
palladium complex 2.1 from alkylated analogues of triazolium salts was previously described and 
is presented in Fig. 34.69 
 
Figure 34. Preparation of Pd-iPEPPSI complex 2.1. An archetypal Pd complex 2.1 
was prepared by in situ carbene formation through deprotonation of alkylated analogue 
of triazolium salts 1.3B, and its coordination to palladium in cis- fashion.69 
3.2.1 Pd-NHC 
Synthesis of palladium complexes with novel, aryl-substituted triazolium salts 1.3B was initially 
performed according to the procedure previously successful for the preparation of complex 2.1 
(Fig. 35). A mixture of triazolium salt 1.3B, palladium precursor and Cs2CO3 in acetonitrile was 
heated for 2 h at 60 °C. Upon isolation of products either by filtration of the reaction mixture 
through diatomaceous earth or by anion exchange with precipitation,69,211 a complex mixture of 
products was obtained as confirmed by 1H NMR analysis.  
1H NMR analysis of isolated products confirmed that triazolium salt completely deprotonated 
under the reaction conditions as determined by the absence of the signal for the characteristic H-
5 proton. Additionally, high-resolution mass-spectrometry (HRMS) analysis confirmed the 
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Figure 35. Attempts to synthesize Pd complexes 2.2 from triazolium salts 1.3B. 
NHC formation was achieved either by deprotonation of 1.3B with carbonate base or 
Ag2O. Py-tzNHCs thus formed afforded a mixture of products with palladium. 
presence of Pd-(Py-tzNHC) complex with metal : ligand ratio of 1 : 2. However, as opposed to 
the previous complexes with Py-tzNHC ligand, the spectra showed the formation of a mixture of 
Py-tzNHC containing compounds in different ratios, as evident from Fig. 36. Due to the 
incompatibility of standard chromatographic methods with Pd(Py-tzNHC)2 complexes, we were 
unable to isolate and characterize complexes 2.2 or either of the side products in pure form. 
 
Figure 36. 1H NMR spectrum of products obtained by Pd-NHC procedure. A 
mixture of unidentified products was obtained following the general procedure for 
preparation of Pd(Py-tzNHC)2 complexes. Absence of triazolium H-5 resonance 
indicates the formation of carbene and presumably its coordination to palladium. A 
multiplicity of proton resonances suggests the formation of multiple coordination 
species. 
 RESULTS and DISCUSSION 
 
-45- 
 
3.2.2 Complexes of Ru and Ir 
In addition to palladium complexes, ruthenium and iridium were also considered as interesting 
central metals based on the overview of Py-tzNHC complexes in the Introduction Section. These 
complexes are usually prepared from cyclopentadienyl or cymene substituted dimeric precursors 
following the transmetallation route with Ag2O (Fig. 37). Initially, stirring a solution of 1.3B with 
Ag2O with the exclusion of light affords Ag-NHC intermediate. Upon the addition of the selected 
metal precursor, transmetallation takes place, forming M-NHC complex of the iPEPPSI series. 
 
Figure 37. Preparation of Py-tzNHC complexes of Ru and Ir. Formation of a silver 
carbene is achieved with Ag2O and triazolium salt 1.3B. Upon addition of a desired 
transition metal precursor, transmetallation takes place, forming Ru-NHC complex 2.3 
or Ir-NHC complex 2.4. 
Triazolium salts 1.3Ba,j,l were employed for the synthesis of Ru-NHC complexes 2.3, which 
were isolated in good yields as demonstrated in Table 9. The method displays good functional 
group tolerance in case of neutral (H, Me), electron donating (OMe) as well as a merged push-
pull ligand with strong electron donating OMe as well as electron withdrawing NO2 group. 
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Table 9. A series of novel Ru-iPEPPSI complexes 2.3. 
 
Entry Initial salt Product R1 R3 η / % 
1 1.3Ba 2.3a Me H 83 
2 1.3Bj 2.3b OMe OMe 85 
3 1.3Bl 2.3c NO2 OMe 85 
 
 
A series of Ir-NHC complexes 2.4 was prepared employing triazolium salts 1.3Ba,b,d,j,l (Table 
10). Good isolated yields were achieved in all cases, again displaying method as being indifferent 
towards electronic effects of Py-tzNHC ligand. 
Table 10. A series of novel Ir-iPEPPSI complexes 2.4. 
 
Entry Initial salt Product R1 R3 η / % 
1 1.3Ba 2.4a H H 81 
2 1.3Bb 2.4b Me H 88 
3 1.3Bd 2.4c Me CF3 84 
4 1.3Bj 2.4d OMe OMe 82 
5 1.3Bl 2.4e NO2 OMe 85 
 
 
Complexes were characterized using combined 1D and 2D NMR techniques. Additionally, a 
structure of a representative Ir complex 2.4a was also confirmed by XRD analysis of a suitable 
monocrystal (Fig. 38). It is in agreement with previously reported Ir(Py-tzNHC) complexes,81 
displaying an archetypal piano-stool configuration with η5-Cp* ligand, chlorine, as well as 
bidentately bound NHC ligand through triazolium carbene atom (C-5) and nitrogen atom of 
appended pyridine (N-3'''). 
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Figure 38. Structure of Ir complex 2.4a as determined by XRD.203 
3.2.2.1 Transfer-hydrogenation reactions 
A selection of prepared Ru and Ir complexes 2.3 and 2.4 was tested for their catalytic activity in 
transfer hydrogenation reaction to directly compare the results with alkylated analogues in 
previously published works.81,212 For this purpose transfer hydrogenation of benzophenone (2.5) 
in isopropanol was selected as a model reaction. Combined with a selected complex 2.3 or 2.4 
and KOH as a base afforded alcohol compound 2.6 as a product in good yields as presented in 
Table 11. 
The results of benzophenone (2.5) reduction showed that ruthenium complexes 2.3a–c are 
roughly 20% more efficient as their methylated analogues. Complexes with ligands bearing 
electron releasing substituents were more effective, which is in agreement with previous 
studies.81,212 Consequently, catalysts loadings were additionally decreased for complexes 2.3a and 
2.3b to enable better comparison. Turnover number (TON) of the most active complex 2.3b with 
two electron-donating (OMe) groups was determined using only 10 ppm of catalyst and proved 
to be approx. 17000, which is roughly 70% higher as compared to the TON reported for alkylated 
analogue.81,212 This can be attributed to higher stability of complexes due to increased steric 
demands of triarylated ligands as compared to alkylated analogues.  
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Table 11. Transfer-hydrogenation reactions with iPEPPSI complexes of Ru (2.3) 
and Ir (2.4).a 
 
Entry Cat. Metal Cat. loading [mol%] Time [h] %Conversion to 2.6b 
1 2.3a Ru 0.1 3 >99 
2 2.3b Ru 0.1 3 >99 
3 2.3c Ru 0.1 3 83 
4 2.3a Ru 0.01 3 18 
5 2.3b Ru 0.01 3 35 
6 2.3a Ru 0.01 16 82 
7 2.3b Ru 0.01 16 >99 
8 2.3b Ru 0.001 16 17 
9 2.4b Ir 0.5 3 68 
a Reaction conditions: 2.5 (0.5 mmol, 1 equiv), complex 2.3 or 2.4 (5·10–3–10–5 equiv), KOH (0.1 
mmol, 0.2 equiv), iPrOH (4 mL, 50 equiv), 100 °C. b Conversions to 2.6 were determined by 1H 
NMR spectroscopy using hexamethylbenzene as the internal standard. 
Previous studies have established that iridium complexes are less effective for transfer-
hydrogenation reactions as compared to ruthenium analogues.79,81 Indeed, complex 2.4b required 
higher catalyst loadings and only offered 68% conversion to desired product. Comparison with 
its alkylated analogue showed a minor increase of activity (8%) as compared to its alkylated 
analogue.81,212 
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3.3 MECHANISM OF COPPER-FREE SONOGASHIRA 
REACTION 
The elusive reaction mechanism of copper-free Sonogashira reaction drew some attention during 
the development of the initial Pd-iPEPPSI complex 2.1. Higher stability of Pd complexes bearing 
alkylated tzNHC ligands with appended pyridine sidearm, as compared to previously employed 
Pd-phosphines allowed for the identification of a key intermediate – palladium bisacetylide 
complex (Fig. 39c). This compound offered a fresh perspective on the potential reaction pathways 
involved in the formation of tolane 3.3 from corresponding aryl halide 3.1 and acetylene 3.2. 
 
Figure 39. Copper-free Sonogashira reaction and Pd-NHC bisacetylide complex. a 
Copper-free Sonogashira reaction between aryl halide 3.1 and acetylene 3.2 catalysed 
by Pd(Py-tzNHC)2 complex 2.1. b Structure of complex 2.1. c A metastable complex 
formed from initial acetylene 3.2 and palladium precursor 2.1 was identified in the 
catalytic cycle of Pd(Py-tzNHC)2 catalysed copper-free Sonogashira reaction.69 
In contrast to the currently accepted reaction mechanism by Soheili,150 we hypothesize that the 
copper-free Sonogashira reaction proceeds along a transmetallation centred mechanism 
employing a Pd/Pd bi-cycle shown in Fig. 40.132 The proposed mechanism corresponds to the 
Sonogashira-specific cross-coupling catalytic cycle, where the role of organometallic reagent C 
is played by Pd-acetylide complex. 
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Figure 40. Proposed reaction mechanism of copper-free Sonogashira reaction. 
Catalytically active Pd0 species A undergoes oxidative addition (OA) with aryl halide 
3.1, yielding B. Alkyne 3.2 is activated in a second palladium cycle to produce 
organometallic reagent C. Transmetallation step (TM) combining B and C yields D, 
which upon reductive elimination (RE) affords the Sonogashira product 3.3 and 
completes the cycle by regenerating the initial Pd0 catalytic species. 
3.3.1 The choice of model reactions 
This mechanism is not limited to the use of Pd-NHC based catalyst only but proceeds generally 
with commercially available phosphine-based complexes as well. In order to confirm the above 
hypothesis a careful choice of model reactions is in place. Literature search offered a broad range 
of reaction conditions in terms of (pre)catalysts, bases, additives, solvents and reaction 
temperatures. Palladium complexes used can be classified as Pd0 or PdII based, containing various 
ligands, among which the phosphines are the most common. The most widely used phosphine is 
triphenylphosphine (PPh3). As such, [Pd0(PPh3)4] and trans-[PdII(PPh3)2Cl2] were selected as the 
catalysts of choice.102 The remaining reaction conditions, namely the selection of base, solvent 
and reaction temperature are highly specific to the palladium catalytic system in use. Thus, we 
selected two discrete reaction conditions shown in Fig. 41, which were taken directly from 
literature. Reaction a employs a Pd0 based palladium (pre)catalyst combined with sodium 
methoxide (NaOMe) as base in polar DMF.143 Reaction b on the other hand uses PdII based 
(pre)catalyst with pyrrolidine as a base in apolar dichloromethane.156 The choice of substrates was 
aimed at stereo-electronically neutral compounds that would also enable characteristic 
disambiguation between starting and product materials using 1H NMR. For this purpose, 4-
iodotoluene (3.1) and phenylacetylene (3.2) were selected as archetypal substrates. In addition to 
monitoring the reactions with 1H NMR, the presence of phosphines in the catalytic system made 
31P NMR spectroscopy a sensitive and effective probe for monitoring the reactions and identify 
species involved. 
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Figure 41. Model reactions for copper-free Sonogashira coupling. Reaction a 
employs a Pd0 based (pre)catalyst [Pd0(PPh3)4] with NaOMe in DMF. Reaction b is 
performed with PdII based (pre)catalyst trans-[PdIICl2(PPh3)2] with pyrrolidine as a base 
in dichloromethane. 
The reactions were run at two discrete loadings of palladium (pre)catalyst, namely 2 and 20 mol% 
or 0.01 and 0.1 M concentrations, respectively. Concentration profiles for the product 3.3 
formation are displayed in Fig. 42. The lower loading corresponds to the synthetically viable 
amount and was used to directly compare with literature results.156 Somewhat higher loadings 
(10×) were used to achieve the satisfactory quality of spectra in order to reliably detect and 
identify the involved phosphine-containing species. 
 
Figure 42. Time dependent concentration profile for model reactions. 1H NMR 
determined conversions into product 3.3 for copper-free Sonogashira coupling under 
the conditions for Reaction a (red) and Reaction b (blue) at 2 (hollow) and 20 mol% 
(full). 
3.3.2 Identification of reaction intermediates 
Monitoring the progress of the model reactions using 1H and 31P NMR spectroscopy revealed the 
presence of several phosphorous containing species shown in Fig. 43. They were identified 
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through the use of complementary techniques such as 13C and 2D NMR spectroscopy and HRMS 
as well as independent preparation of reaction intermediates.  
 
Figure 43. Composition of model reactions for copper-free Sonogashira coupling. 
Representative 31P NMR spectra of model reactions together with corresponding 
phosphorous containing species. Relative intensities do not directly correspond to the 
concentrations of the species. a Composition of aliquots from Reaction a (20 mol% 
loading of Pd) after 1 h and 4 h. b Composition of aliquots from Reaction b (20 mol% 
loading of Pd) after 1 h and 4 h. c Structures of proposed reaction intermediates. 
As evident from Fig. 43, Reaction a revealed the presence of several phosphine-containing species 
that were later identified as trans-[PdIII(p-tolyl)(PPh3)2] (3.4), trans-[PdII(CCPh)(p-
tolyl)(PPh3)2] (3.5), trans-[PdII(CCPh)2(PPh3)2] (3.6), trans-[PdIII2(PPh3)2] (3.7), [Pd0(PPh3)2], 
PPh3, and PPh3O. Similarly, Reaction b was composed of PPh3O, 3.4 and 3.6, but with some 
distinctive variations identified as trans-[PdII(p-tolyl)I(PPh3)2] (3.8), [PdIII(p-
tolyl)(PPh3)(pyrrolidine)] (3.9), and [PdIII(CCPh)(PPh3)(pyrrolidine)] (3.10). 
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The presence of the above compounds can be rationalized within the proposed reaction 
mechanism from Fig. 40 (p50). In Reaction a, a fast dissociation of PPh3 ligands from 
[Pd0(PPh3)4] precatalyst gives rise to catalytically active [Pd0(PPh3)2] (A). This transient 
intermediate subsequently reacts with aryl iodide 3.1 into oxidative addition product 3.4 that 
corresponds to trans-B. Relative instability of 3.4 gives rise to PdII species through Ullmann-type 
homocoupling (Fig. 44a), producing diaryl product that was below detection limit as well as 
complex 3.7 that can enter PdII cycle and is essential for the operation of the catalytic cycles. PdII 
species in the presence of a base and an alkyne quickly form palladium acetylide 3.6 through the 
intermediacy of 3.8 and were more pronounced in case of Reaction b, starting from PdII based 
precatalyst. The formation of required Pd0 catalytic species in Reaction b can be rationalized 
through a different homocoupling reaction, giving rise to Glaser-Hay homocoupling product (Fig. 
44b, detected in negligible amounts). Compounds 3.6 and 3.8 can be considered as the activated 
organometallic reagents for transfer of alkyne group, trans-C and trans-E, respectively. With both 
compounds in the reaction mixture, the conditions for transmetallation step are fulfilled and 
tandem Pd/Pd reaction mechanism can proceed towards the product formation. Indeed, 
intermediate 3.5 (trans-D) was observed under the conditions for Reaction a. Transient 
intermediate 3.5 (trans-D) enters a rapid reductive elimination phase, probably after trans-cis 
isomerization, forming final product 3.3 as well as regenerating Pd0 catalytic species. Additional 
species detected in Reaction b, namely 3.9 and 3.10 can be explained as products of ligand 
exchange with coordinative base (pyrrolidine). This is in agreement with literature reports on the 
different roles of bases in catalytic Sonogashira reaction.152 Large amounts of PPh3O in later phase 
of reactions are due to relative instability of PPh3 released from the complexes. 
 
Figure 44. Initiation steps in model reactions for copper-free Sonogashira 
coupling. a In Pd0 based systems predominantly formed 3.4 undergoes Ullmann-type 
coupling towards biaryl and PdII compound. b PdII based systems and 3.6 formed therein 
undergoes Glaser-Hay homocoupling towards Pd0 species and butadiyne. 
In order to reliably confirm the identity of the detected species, compounds 3.4, 3.6, 3.7, 3.8, 3.9, 
and 3.10 were prepared and characterized independently and where applicable compared to the 
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literature reports. For more details, please refer to the Experimental part. Capture of a transient 
intermediate 3.5 was more challenging. Due to a fast reductive elimination step, the accumulation 
of an intermediate preceding this step is difficult and the intermediate could not have been 
observed under the conditions for Reaction b. The accumulation of 3.5 under the conditions for 
Reaction a can be rationalized by the presence of free PPh3 ligands that have decelerating effect 
on the reaction, as reported by Stille et al.213 
 
Figure 45. Characterization of transmetallation product 3.5. a 1H NMR spectrum 
of reaction mixture containing 3.5. b 13C NMR spectrum of reaction mixture containing 
3.5. c 31P NMR spectrum of the reaction mixture containing 3.5. 
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Attempts to isolate 3.5 from reaction mixture were unsuccessful and it was characterized only in 
the reaction mixture by using 1H, 13C, 31P as well as 2D NMR techniques in combination with 
HRMS. Characteristic spectra with assigned resonances are displayed in Fig. 45. The presence of 
additional compounds in the reaction mixture, namely 3.1, 3.2, 3.3, 3.4, PPh3, and PPh3O led to 
overlap of many proton resonances. Thus, utilizing the benefits of 2D NMR techniques enabled 
the determination of structure of product 3.5. 1H–1H COSY combined with 1H–31P HMBC 
enabled the assignment of aromatic resonances. Resonances belonging to aryl group had similar 
shifts to those in oxidative addition product 3.4 and chemical shifts of acetylenic phenyl group 
resembled those in 3.6. Additionally, 13C NMR was used to differentiate between possible cis- or 
trans- isomers. Characteristic triplet shaped resonance at 156.0 ppm corresponding to C-1 carbon 
indicated trans- configuration of PPh3 ligands.213 
3.3.2.1 Transmetallation 
In order to demonstrate that the key step of the proposed mechanism, namely the transmetallation 
between 3.4 and 3.6 is a productive step in copper-free Sonogashira reaction, they were allowed 
to react in a solution of deuterated chloroform. Product 3.3 formation was monitored with NMR 
and is displayed in Fig. 46. In addition to transmetallation between 3.4 and 3.6, it should be noted 
that oxidative addition product 3.4 reacts also with palladium mono-acetylide 3.8. Albeit it reacts 
more sluggishly, it should also be considered as a potential acetylene carrier. 
 
Figure 46. Transmetallation reaction. Reaction between oxidative addition product 
3.4 and palladium acetylides 3.6 or 3.8. Concentration build-up as monitored by 1H 
NMR. 
Even though the reaction between isolated reactive species can proceed differently than those 
under the catalytic conditions, it is important to note that the composition of the reaction mixture, 
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shown in Fig. 47, was highly reminiscent of that in model reactions. Also, the progress of 
transmetallation reaction between 3.4 and 3.6 was in the same range as in Reaction a and Reaction 
b within given time. 
 
Figure 47. Composition of reaction mixture in transmetallation reaction. 31P NMR 
spectrum of the reaction between 3.4 and 3.6 after 30 min with assigned species. 
3.3.3 Reaction kinetics 
Besides the study of the reactivity of thermodynamically stable intermediates, mechanistic 
investigations also encompass the monitoring of dynamic changes that occur while travelling 
along the reaction coordinate. Interesting observations can be made directly from the qualitative 
inspection of the reaction profile for the product 3.3 formation (Fig. 42, p51). The initial induction 
periods that are more evident in reactions performed with lower (2%) loadings of palladium 
indicate the concentration build-up of the catalytically active species. These are consistent with 
the bi-cyclic transmetallation based mechanism that is performed with a precatalyst in a single 
oxidation state. In order for the proposed mechanism to be operative, both PdII and Pd0 species 
are required for the successful formation of the product. Thus, starting the reaction with 
[Pd0(PPh3)4] requires palladium species to undergo partial oxidation towards PdII in addition to 
oxidative addition. In case of PdII precatalysts which facilitate Pd acetylides 3.6 and 3.8, palladium 
species need also to be reduced to Pd0 to allow for formation of oxidative addition product 3.4. 
Initial formation of PdII species in Pd0 based catalytic systems, and vice versa, can as such provide 
a plausible explanation for the induction period and the acceleration of the reaction rate due to the 
overall increase in concentration of operative catalytic species. Additionally, it should be noted 
that the induction period depends on the initial reaction conditions and can be as short as to remain 
unnoticed. This can be the reason that such findings were not recognized and conceptualized in 
case of previous experimental studies by groups of Ujaque156 and McIndoe.158 A careful 
inspection of published results displays evident induction periods in case of more sluggish 
processes (Fig. 48). The apparent induction periods in these cases however do not agree with the 
proposed simple monometallic catalytic process and would in term require further explanation. 
Disregarding important experimental details thus led to premature conclusions and hindered the 
rigorous scientific scrutiny to offer a revised and more consistent mechanistic proposal. In 
addition and in complete agreement with our bi-cyclic mechanistic proposal, the concave-shaped 
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reaction profile lacking the induction period is seen in the direct transmetallation between 
oxidative addition product 3.4 and acetylides 3.6 or 3.8 (Fig. 46). 
a)  b) 
 
 
 
Figure 48. Induction period in Sonogashira reaction reported by other researchers. 
a Induction period is seen in case of [PdCl2(PPh3)2] / pyrrolidine catalysed copper-free 
Sonogashira reaction. Adapted with permission from Ref.156 Copyright 2012 American 
Chemical Society. b Induction period in case of [Pd0(PPh3)4] / DBU catalysed copper-
free Sonogashira reaction. Republished with permission of The Royal Society of 
Chemistry from Ref.158 Permission conveyed through Copyright Clearance Center, Inc. 
In the later stages of Reaction a in Fig. 42 (p51) an apparent deceleration can be observed in the 
reaction profile. It can be explained by the presence of increasing amounts of PPh3 released from 
the precatalyst and the decelerating effects of phosphines on the reaction rate of coupling reactions 
as discussed above.213 
Additional insight into the proposed reaction mechanisms can be obtained through determination 
of reaction orders in reagents. Reaction orders in selected reagents are usually determined with 
the method of initial reaction rates at different initial concentrations of the species of concern. In 
attempt to determine the reaction order in palladium in copper-free Sonogashira coupling, 
Reaction a was run at different loadings of [Pd(PPh3)4] and product 3.3 formation was monitored 
over time. In agreement with previous observations, induction period was once again present in 
reactions with 3–5 mol% loadings of precatalyst. A representative plot is demonstrated in Fig. 
49a. The sigmoidal shape with apparent induction period prevents the use of the method of initial 
reaction rates. Instead, we attempted to determine the reaction order in palladium by extracting 
the maximum reaction rates, corresponding to the state of reaction with the highest operative 
concentration of catalytic Pd species. 
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Figure 49. Determination of reaction order in palladium for Reaction a. a Product 
3.3 concentration build up with a fitted sigmoid curve and a representative 
determination of maximum reaction rate. b Graph for determination of order in Pd for 
Reaction a. 
It was established that a mathematical function from the Gompertz family (Eq. 1) sufficiently 
describes this system and was thus used to fit the experimental data, where c(3.3) corresponds to 
experimentally determined concentration of formed product 3.3, t is reaction time and a, k and tc 
are fitted parameters.  
 𝑐(𝟑. 𝟑) = 𝑎 ⋅ 𝑒−𝑒
−𝑘(𝑡−𝑡𝑐)  (Eq. 1) 
Maxima of the reaction rates were extracted from the first derivative of the function at t = xc for 
each Pd loading. They were plotted in a log-log graph against precatalyst concentrations, returning 
a tentative first order kinetics in Pd as evident from Fig. 49b. The observed first order kinetics 
indicate that only a single atom of palladium is involved in rate-determining step, namely the 
reductive elimination in Pd0 cylce or palladium bisacetylide 3.6 formation in PdII cycle. However, 
transmetallation between 3.4 and 3.6 cannot be excluded due to a large excess of 3.4 compared 
to 3.6 under the observed conditions. In this manner, transmetallation can be well approximated 
as a pseudo-first-order kinetics and should not be excluded from the list of rate-determining steps. 
3.3.3.1 Comparison of reaction rates 
In addition to determining the reaction order in palladium, interesting conclusions can be also 
drawn from the comparison of the reaction rates. For this purpose, a reaction between the 
authentic oxidative addition product 3.4 and acetylene 3.2 or Pd-acetylide 3.6 was run in the 
presence of pyrrolidine. Using the identical loadings of acetylene or acetylide, the maximum rates 
for formation of 3.3 were practically identical, as evident from Fig. 50. Reaction employing 
acetylene 3.2 displayed an apparent induction period, which is in agreement with the formation 
of necessary catalytic system (Pd0/PdII) as previously discussed. Maximum reaction rate was 
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attained at 81 min (7.2 · 10–6 mol L–1 min–1). On the contrary, the reaction employing Pd-acetylide 
3.6 was absent of the induction period and the maximum rate was observed at the offset of the 
reaction (7.4 · 10–6 mol L–1 min–1). The comparison of the reaction rates is a strong indication that 
transmetallation event is also present in the case of the reaction between 3.4 and 3.2. 
 
Figure 50. Comparison of reaction rate for catalytic and stoichiometric reaction. 
Product concentration build-up for the ‘stoichiometric’ reaction between 3.4 and 3.6 
(red) and ‘catalytic’ reaction between 3.4 and 3.2 (blue) in the presence of pyrrolidine. 
Red curve is absent of induction period with maximum rate at t = 0. Sigmoid (blue) 
curve with induction period reaches maximum rate at t = 81 min. 
3.3.4 Computational studies132 
The proposed mechanism was also thoroughly evaluated using computational chemistry approach 
using solution-state DFT simulations. Calculated reaction trajectory for the studied 
transmetallation process employing intermediates 3.4 and 3.6 is shown in Fig. 51. The reaction is 
initiated with dissociation of phosphine from 3.4 to form a three-coordinate species 3.11. Despite 
the dissociation of phosphine being relatively endergonic, the formation of three-coordinate 
species is feasible at room temperature and was already discussed in some previous studies.214 
Three-coordinate species 3.11 can react with bisacetylide 3.6 to afford bimetallic intermediate 
3.12 and initiate the transmetallation process. The key motive of transmetallation process is 
transfer of an acetylide moiety from complex 3.6 to the palladium centre originating from 
oxidative addition product 3.4. This occurs through a series of coordination changes described by 
stationary points 3.12 through 3.14. The last sequence of the mechanism leads to the dissociation 
of the bimetallic species. It is facilitated by breaking of a Pd–acetylide bond and development of 
stronger Pd–I interaction. Furthermore, association with PPh3 molecule is required to form a 
stable square-planar species. This process is associated with the transition state TScis-3.5+3.8. 
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Although the computed barrier is relatively high, there is a large error associated with the 
computed energies, originating from conformational diversity. Considering the studied system 
contains of four PPh3 ligands, the error is expectedly in the order of 10–12 kcal mol–1, rendering 
this process feasible at room temperature. Formation of cis-3.5 and 3.8 in the final step of 
transmetallation is presumably followed by a fast reductive elimination from cis-3.5 to product 
3.3. 
 
Figure 51. Calculated reaction trajectory for copper-free Sonogashira reaction. 
DFT evaluated Gibbs free solvation energies for stationary points of transmetallation 
process starting from 3.4 and 3.6 (blue). Monometallic mechanism for direct activation 
of acetylene 3.2 was calculated for comparison (red). 
In light of comparison with previously proposed alternative mechanisms for copper-free 
Sonogashira reaction, those were re-evaluated with the same computational method. This was 
also necessary because earlier computational findings employed oversimplified systems, such as 
PH3 ligands instead of PPh3. Additionally they were based on unrealistic assumptions, such as 
spontaneous deprotonation of phenylacetylene by pyrrolidine in order to facilitate ionic 
pathways.156 A re-evaluated trajectory of a monometallic mechanism with direct activation of 
acetylene 3.2 is also seen in Fig. 51, labelled red. Considering the previous ionic mechanistic 
proposals, the monometallic pathway is initiated with iodine dissociation, forming cationic three-
coordinate species 3.16. A successive coordination of acetylene affords intermediate 3.16, which 
enables deprotonation with pyrrolidine base through the intermediate TS3.16 associated with 19.9 
kcal mol–1 barrier and speaks against the barrierless process discussed in previous study.156 
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Ultimately, formation of trans-3.5 can lead to cis-3.5 via ligand exchange process and initiate the 
reductive elimination step. 
The computed results imply that both, mono- and bi-metallic mechanisms are plausible under the 
experimental conditions. In both mechanistic proposals the rate determining step is associated 
with the formation of three-coordinate species, either 3.11 or 3.16 with relatively similar 
activation barriers. Accordingly, several competing mechanisms could be active in the copper-
free Sonogashira reaction, depending on certain reaction conditions. However, even if DFT 
cannot reliably discern between the different computed pathways and considers both mechanistic 
proposals as viable at room temperature, experimental results should not be disregarded. The 
identification of crucial intermediates 3.4 and 3.6 associated with transmetallation pathway, 
compelling results of a kinetic study as well as experimental results in favour of phosphine rather 
than iodine dissociation in case of 3.9 strongly corroborate the transmetallation mechanism. 
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3.4 1,2,4-TRISUBSTITUTED-1,3-ENYNES 
We have encountered the formation of 1,3-enynes as side-products while performing Pd-iPEPPSI 
catalysed copper-free Sonogashira reaction for the coupling of aryl iodide 4.1a and 
(triisopropylsilyl)acetylene (TIPS-acetylene, 4.2a) with aryl iodide in water medium.69 In addition 
to Sonogashira product 4.3a, enyne product 4.4a was identified by a characteristic singlet 
resonance at 6.77 ppm, assigned to the red-coloured proton in Fig. 52. 
 
Figure 52. 1,2,4-Enyne formation under copper-free Sonogashira conditions.69 a 
Enyne product was determined by 1H NMR analysis of crude reaction mixture of 
copper-free Sonogashira coupling of aryl iodide 4.1a with TIPS-acetylene (4.2a). b 
Extract of 1H NMR spectrum of 4.4a with a characteristic red-labelled proton resonance. 
A series of experiments was performed employing different reaction conditions aimed at 
achieving better yields of enyne product 4.4a. The results of this screening are presented in Table 
12 and can be summarized as follows. The formation of enynes was limited to reactions 
employing aryl iodides. In case of aryl bromide 4.1b only Sonogashira product was formed. High 
excess of acetylene resulted in slightly increased conversions toward enyne product. When 
mixtures of water and polar organic solvents such as DMF or iPrOH were employed, the resulting 
reaction mixtures were more homogeneous. However, only Sonogashira product was detected 
under such conditions. Additionally, introduction of additive KI combined with or without 
tetrabutylammonium iodide as phase transfer reagent did not promote enyne formation, but rather 
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shifted the reactivity solely towards Sonogashira product. The formation of enyne was not limited 
to the reactions catalysed with Pd-iPEPPSI complex 2.1. Employing commercially available 
[Pd(PPh3)4] complexes of palladium afforded slightly lower conversions towards the desired 
product. Substituting the solvent for toluene and K2CO3 for more soluble Cs2CO3 resulted in 
minor increase in conversion (entry 12). 
Table 12. Screening of reaction conditions for enyne synthesis with acetylene 4.2a.a 
 
Entry X 4.2a / equiv Conditions η / %b 
1 I 2 Pd-iPEPPSI (2.1) 13 
2 Br 2 Pd-iPEPPSI (2.1) / 
3 Br 10 Pd-iPEPPSI (2.1) / 
4 I 10 Pd-iPEPPSI (2.1) 33 
5 I 10 Pd-iPEPPSI (2.1), DABCOc 28 
6 I 10 Pd-iPEPPSI (2.1), H2O : DMF = 2:1d / 
7 I 10 Pd-iPEPPSI (2.1), H2O : iPrOH = 2:1d / 
8 I 10 Pd-iPEPPSI (2.1), KI (4 equiv) / 
9 I 10 Pd-iPEPPSI (2.1), KI (4 equiv), NBu4I (4 equiv) / 
11 I 10 [Pd(PPh3)4] 20 
12 I 10 [Pd(PPh3)4], Cs2CO3,c toluened 24 
a General reaction conditions: 0.125 mmol 4.1, 0.25–1.25 mmol acetylene 4.2a, 1 mol% Pd 
catalyst, 0.5 mmol K2CO3 (4 equiv), 2mL H2O, 140 °C for 16 h. b Conversion to enyne product 
determined by 1H NMR based on the consumption of aryl halide 4.1. The remaining aryl halide 
4.1 reacted towards Sonogashira product. c Instead of K2CO3. d Instead of H2O. e 10 mol% of Pd. 
 
After screening the reactivity of acetylene 4.2a towards enyne product, we moved the focus of 
our study towards a more general substrate, i.e. phenylacetylene 4.2b. The results are summarized 
in Table 13. The reactivity of aromatic acetylene 4.2b proved to be different from its silyl 
analogue 4.2a. The reactions catalysed by Pd-iPEPPSI complex 2.1, afforded exclusively 
Sonogashira product without enyne formation. Noteworthy, the remaining acetylene was 
consumed, but rather formed a polymeric side product. Different results were achieved employing 
phosphine-based palladium catalysts. The use of bulky phosphines did not afford better 
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conversions and all of the catalytic systems employing phosphines resulted with approx. 30% of 
enyne 4.4b. 
Table 13. Coupling of aryl iodides 4.1 and acetylene 4.2b towards enyne 4.4b.a 
 
Entry X 4.2b / equiv Conditions η / %b 
1 I 2 Pd-iPEPPSI (2.1) / 
2 I 8 Pd-iPEPPSI (2.1) / 
3 Br 8 Pd-iPEPPSI (2.1) / 
4 I 8 [Pd(PPh3)4], Cs2CO3c, toluened 31 
5 Br 8 [Pd(PPh3)4], Cs2CO3c, toluened 15 
6 I 8 Pd(OAc)2 / cataCXium A, Cs2CO3c, toluened 28 
7 I 8 Pd(OAc)2 / P(oTol)3, Cs2CO3c, toluened 29 
a Reaction conditions: 0.125 mmol 4.1, 0.25–1.25 mmol 4.2b (2–10 eqiv), 1 mol% Pd catalyst, 
0.5 mmol K2CO3 (4 equiv), 2mL H2O, 140 °C for 16 h. b Conversion to enyne product determined 
by 1H NMR. The remaining aryl halide reacted towards Sonogashira product. c Instead of K2CO3. 
d Instead of H2O. e 10 mol% of Pd. 
 
3.4.1 Mechanistic considerations 
In the attempt to conceptualize the formation of enyne product, two distinctive mechanistic 
pathways were considered as shown in Fig. 53. Pathway a considers the initial formation of 
Sonogashira product that undergoes successive alkynylation, to afford the enyne product. On the 
other hand, Pathway b is initiated by geminal dimerization of two alkyne molecules that can react 
with aryl substrate in a Heck type reaction to afford enyne.  
It is worth mentioning that the first steps in both mechanistic proposals are well documented 
processes that are feasible under the employed reaction conditions. Copper-free Sonogashira 
reaction of aryl iodides in Pathway a proceeds readily at room temperature with commercially 
available palladium catalysts and organic or inorganic bases.156 Additionally, homodimerization 
of alkynes in Pathway b is an atom economy efficient process that occurs at room temperature 
even in the absence of a base.215 It was reported as a competitive process in the additions to 
inactivated multiple bonds.216,217 
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Figure 53. Mechanistic considerations in the formation of enynes 4.4. Formation of 
enyne 4.4 can be considered along two pathways. Pathway a corresponds to the 
Sonogashira reaction with following alkynylation. Pathway b is composed of a 
homodimerization of alkyne, followed by Heck type arylation. 
3.4.1.1 Preparation of reaction intermediates 
Thus, we decided to prepare the proposed reaction intermediates according to the literature. While 
preparation of Sonogashira products 4.3 proceeded well according to the literature reports,69,132 
utilization of a general method for the preparation of gem-enyne 4.5 products proved challenging. 
The different reactivity of aromatic 4.2b and silyl acetylenes 4.2a observed in the initial screening 
reactions (Tables 12, 13) also came to light in the homodimerization reactions. Different reactivity 
is demonstrated in Fig. 54 and also discussed in a recent study in more detail.218 Aromatic 
 
Figure 54. Homodimerization of terminal acetylenes. a Aromatic acetylenes 4.2b 
react towards gem-dimers 4.5b. b Silyl acetylenes 4.2a form a mixture of dimers, with 
trans-isomer 4.5a' as a major product. c The desired gem-dimer 4.5a with silyl 
substituents is prepared selectively according to the different procedure.218,219 
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acetylene 4.2b formed gem-dimer 4.5b as reported in the literature.215 On the other hand, in case 
of silyl acetylene 4.2a a mixture of products was obtained with trans-dimer 4.5a' as a major 
product. The desired gem-dimer 4.5a could be prepared according to the different procedure by 
coupling α-bromoolefin with corresponding Grignard-activated acetylene derivative (Fig. 
54c).218,219 
3.4.1.2 Sequential reactions 
With the prepared intermediates 4.3 and 4.5 in hand, we proceeded towards testing the 
mechanistic proposals. Sonogashira product 4.3 was exposed to different reaction conditions in 
the attempt to activate the internal triple bond towards the addition of a terminal acetylene 4.2. 
Under none of the reaction conditions demonstrated in Table 14 could we observe product 4.4 
formation. It should be mentioned that coupling reactions with internal alkynes 4.3 are scarce and 
generally require different transition metal complexes in addition to palladium.220,221 Thus, it can 
be concluded that enyne 4.4 formation does not proceed as a sequential Sonogashira–alkynylation 
reaction and Pathway a is not the operative mechanism under the employed reaction conditions. 
Table 14. Attempts to couple internal (4.3) and terminal alkyne (4.2). 
 
Entry 
Internal 
alkyne 
Terminal 
alkyne 
R2 Base Conditions η / %b 
1 4.3a 4.2a TIPS K2CO3 Pd-iPEPPSI (2.1), H2O / 
2 4.3b 4.2b Ph K2CO3 Pd-iPEPPSI (2.1), H2O / 
3 4.3a 4.2a TIPS Cs2CO3 Pd-iPEPPSI (2.1), H2O / 
4 4.3a 4.2a TIPS Cs2CO3 [Pd(PPh3)4], toluene / 
5c 4.3b 4.2b Ph Cs2CO3 [Pd(PPh3)4], toluene / 
6c 4.3b 4.2b Ph NaOMe [Pd(PPh3)4], toluene / 
a Reaction conditions: 4.3 (0.125 mmol, 1 equiv), 4.2 (0.25 mmol, 2 eqiv), 1 mol% Pd catalyst, 
base (0.25 mmol, 2 equiv), 2mL of solvent, 140 °C for 16 h. b Conversion to enyne product 
determined by 1H NMR. The remaining aryl halide reacted towards Sonogashira product. c 50 °C 
instead of 140 °C. 
 
In case of Pathway b, two cases had to be considered due to the different reactivity of aromatic 
and silyl substituted compounds as shown in Fig. 55. Aromatic enynes proved to be relatively 
unstable and a recent study demonstrated them to decompose relatively fast even at room 
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temperatures.218 As Heck reaction usually requires high reaction temperatures,102,222 it came as no 
surprise that the attempts to couple aromatic enynes 4.5b, either isolated or formed in situ, were 
unsuccessful. Pd-iPEPPSI complex 2.1 requires high reaction temperatures to activate aryl halides 
4.169 and was incompatible with temperature-labile enynes 4.5b. However, even in the case of 
activated Pd/P systems that are documented to catalyse Heck reaction of aryl bromides 4.1b and 
styrenes at room temperatures, no product 4.4b formation was observed. Analysis of the crude 
reaction products showed either the presence of the initial reagents or enynes 4.5b decomposed 
over the course of the reaction. 
 
Figure 55. Coupling of gem-enynes with aryl iodide. a Coupling of thermally labile 
aromatic enyne 4.5b was unsuccessful. b Silyl enyne 4.5aa successfully reacted with 
aryl iodide 4.1a at elevated temperatures towards product 4.4aa. 
Somewhat different results were obtained with silyl substituted enynes 4.5aa. They are more 
stable as compared to their aromatic analogues and do not decompose even at temperatures higher 
than 100 °C. A mixture of enyne 4.5aa and aryl iodide 4.1a in the presence of complex 2.1 as a 
catalyst and K2CO3 as a base was heated at 140 °C. The reaction conditions were adopted from 
the Sonogashira coupling with complex 2.1.69 Indeed, the formation of the desired product was 
confirmed by 1H NMR analysis of the aliquots of reaction mixture in this case as well. After 
heating the reaction mixture for 2 days complete conversion of aryl iodide was observed towards 
enyne product 4.4aa. 
The results of the mechanistic study can be summarized as follows. The formation of trisubstituted 
enynes 4.4 is challenging and highly dependent on the employed substrates and reaction 
conditions. It most likely does not proceed as a Sonogashira–alkynylation sequential process but 
can form as a homodimerization–Heck type reaction. The latter process was confirmed to be 
successful in case of silyl substituted acetylenes 4.2a. In case of aromatic acetylenes 4.2b, 
additional mechanism can operate towards the enyne formation, possibly consisted of inner-
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sphere pathways without dissociation of intermediates from metal centre. Additional studies in 
development of a general method for the preparation of 1,2,4-trisubstituted-1,3-enynes 4.4 would 
be required with additives and transition metal complexes beyond palladium. 
Enynes 4.4a bearing silyl groups are particularly interesting as potential substrates for further 
transformations. Two distinctive silyl groups can be selectively removed in the presence of a base 
or fluoride anions and the deprotected molecule can be used to prepare larger and more complex 
products. 
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3.5 COMPUTATIONAL INSIGHT INTO Pd-iPEPPSI 
CATAYLSED HYDROAMINATION 
Palladium complexes with iPEPPSI ligands have proven effective in terms of copper-free 
Sonogashira reaction in water medium and displayed outstanding catalytic activity that can be 
mainly attributed to their high stability towards oxidation and elevated temperatures.69 In addition 
to stabilization role of iPEPPSI ligands, the presence of a pyridine dent should offer additional 
functionality. It was demonstrated that palladium complex [Pd(Py-tzNHC)2]2+ (2.1) can also be 
applied in catalytic hydroamination of acetylenes. Model reaction between phenylacetylene (5.1) 
and aniline (5.2), yielded imine 5.3 in excellent yield and selectivity towards Markovnikov 
product as demonstrated in Fig. 56.211,223 Furthermore, the applied reaction conditions that did not 
require elevated reaction temperature or the presence of any additives are especially noteworthy 
and unprecedented among the palladium catalysis. Literature reports generally require high 
reaction temperatures (80–100 °C) and additives such as TfOH, AgOTf, etc.179,182,184,185,187,188,224 
 
Figure 56. Hydroamination with Pd-iPEPPSI complex 2.1. Model reaction between 
phenylacetylene (5.1) and aniline (5.2) catalysed by [Pd(Py-tzNHC)2] complex (2.1) 
afforded selectively imine 5.3 in excellent yield.  
3.5.1 Mechanistic insights 
To rationalize the observed benefits of 2.1 in hydroamination reaction, we decided to investigate 
the reaction mechanism using a solution-state DFT simulations. DFT is a computational 
chemistry approach that offers insight into stability of proposed reaction intermediates, which can 
often be relatively unstable and difficult to detect and characterize experimentally. 
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Literature proposes four mechanistic pathways for metal-catalysed hydroamination reaction that 
follow different reaction steps towards imines and are demonstrated in Fig. 57. In general, they 
can be classified based on the initial reaction step. Reaction can begin with the coordination of 
one of the reagents to metal complex as demonstrated in Fig. 57a–b. In Fig. 57a coordination to 
metal activates the multiple C–C bond for the successive nucleophilic addition of amine. On the 
other hand, in case of Fig. 57b, amine initially forms metal–nitrogen bond, followed by insertion 
of alkyne into the M–N bond traversing cis-palladated intermediate. Reaction can also proceed 
through the involvement of metal hydrides as demonstrated in Fig. 57c or by formation of 
vinylidene metal complexes that undergo nucleophilic addition (Fig. 57d). Which of the described 
mechanisms will be most favourable mainly depends on the choice of reaction conditions, such 
as the type of catalytic system, substrate combination, and applied additives. However, the 
reaction mechanism described in Fig. 57a is the most common and is especially pronounced in 
case of cationic metal complexes.221 
 
Figure 57. Proposed reaction mechanisms in metal-catalysed hydroaminations. 
Theoretic pathways for hydroamination reaction can be divided into ones starting with 
coordination of alkyne (a) or amine (b), hydrometallation (c) or formation of vinylidene 
complexes (d).221 
Reaction employing a cationic [Pd(Py-tzNHC)2]2+ (2.1) should therefore be initiated with 
coordination of phenylacetylene (5.1), followed by nucleophilic attack of aniline (5.2). Indeed, 
the investigation of alternative mechanisms ruled out the other possibilities due to being relatively 
higher in energy. The most plausible trajectory for the hydroamination together with the structures 
for crucial stationary points is illustrated in Fig. 58. The reaction course can be divided into 5 
subprocesses. The operative pathway is initiated with acetylene (5.1) coordination to the catalyst 
(2.1'), forming η2-coordinated alkyne-Pd adduct 5.4. This square-planar structure is achieved by 
de-coordination of one of the loosely bound pyridine sidearms. In contrast to previous PEPPSI 
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complexes, pyridine being tethered to the mesoionic ring remains in the vicinity of the catalytic 
pocket on the metal, forming a multicentre reactive zone.  
The coordination of acetylene to palladium lowers the electronic density on its carbon atoms and 
activates them towards the nucleophilic attack of aniline. The formation of a new C–N bond is 
endergonic, traversing transition state TS5.5 with an activation barrier of 23.4 kcal mol–1. The 
formed intermediate 5.5 is further stabilized by a subsequent intramolecular proton transfer 
facilitated by a pyridine-dent. Lewis basicity of liberated pyridine sidearm allows for the 
abstraction of proton from secondary ammonium fragment to form intermediate 5.6. Additional 
stabilization of the system is achieved by formation of an enamine complex 5.7 upon passing of 
the pyridinium proton to the carbanion centre of the substrate. 
 
Figure 58. Computed reaction mechanism for hydroamination reaction with 2.1. a 
Reaction scheme with corresponding intermediates. b Computed energy trajectory with 
crucial transition states. The reaction course can be divided into five subprocesses. 
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To continue toward the desired imine product 5.3, a formal imine–enamine tautomerism needs to 
take place along the reaction coordinate. Several options were considered for the 2nd proton 
transfer and involvement of Pd(Py-tzNHC)2 complex (2.1') proved essential to enable this process 
as well. Uncatalysed proton transfers have relatively high energy profiles that are unlikely to occur 
at room temperature. Tautomerism proved to be the most effective if the enamine substrate 
coordinates palladium through its amine functionality in 5.8 rather than via its carbon terminus 
(5.7). The required C/N coordination switch is feasible in a single step, associated with an 
activation barrier of about 20 kcal mol–1. The following proton transfer to carbon is again a two-
step process enabled by the active role of pyridine sidearm. It is virtually identical to a 
conventional base catalysed enamine–imine tautomerism, but the role of the base is played by the 
pyridine moiety of the complex 2.1'. 
The extrusion of imine 5.3 completes the catalytic cycle by simultaneous regeneration of the 
catalyst 2.1'. It proceeds traversing a trigonal bipyramidal transition state TS5.3+2.1' with relatively 
small activation barrier, similar to initial coordination of alkyne 5.1 to complex 2.1'. The overall 
reaction is exergonic (–23.1 kcal mol–1) and the result is consistent with the chemical changes 
estimated from bond dissociation energies (–20 kcal mol–1).225 
The structures of complexes TS5.5/5.6 and TS5.6/5.7 as well as TS5.8/5.9 and TS5.9/5.10 demonstrate that 
pyridine sidearm has an ideal distance and arrangement to perform structurally unconfined proton 
transfer processes. The moderate basicity of pyridine opens accessible energy channels for the 
formal proton transfer processes through pyridinium-containing intermediates, namely 5.6 and 
5.9 with relative stability of cca. 2 kcal mol–1 relative to initial reactants.  
The results of this computational study have demonstrated that Py-tzNHC ligands act as a 
multipurpose ligand at the metal centre. Besides the ‘classical’ ligand role for the stabilization of 
the metal centre and activation of the catalyst, the pyridyl-mesoionic carbene ligand actively 
participates in the catalytic process as a proton shuttle. Furthermore, this is the first reported case 
where the activity of a ‘smart’ ligand in a complex is beyond coordination to the metal or specific 
substrate sites. The active role of an internal base that enables deprotonation/protonation in a 
confined space around the metal is unprecedented and presents an interesting area for additional 
research, focused at exploiting ligand functionalities in addition to coordination. In turn, ‘smart’ 
ligands and complexes could open routes to new transformations not achievable with standard 
complexes bearing ‘spectator’ ligands. 
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Chapter 4: CONCLUSIONS 
The results of this dissertation can be summarized as follows: 
 An efficient method for arylation of ‘click’ triazoles was developed, affording N-3 
arylated 1,2,3-triazolium salts. The advantage of the method compared to previous 
synthetic approaches towards N-3 arylated 1,2,3-triazolium salts is high functional group 
tolerance as well as preparation of unsymmetrically substituted products. 
 Utilizing the protocol for arylation of triazoles, a series of novel pyridine containing 
carbene precursors belonging to triarylated 1,2,3-triazolium salt series was prepared in 
good yields. 
 A facile, ‘one-pot’ processes were developed for the preparation of pyridine containing 
triazolium salts from organic azide, acetylene and iodonium salt in the presence of copper 
salt. Additionally, ‘one-pot’ process was also successfully applied to prepare the selected 
triazolium salts from acetylene, sodium azide and symmetric iodonium salt. 
 An unprecedented triazolium salt was prepared employing tris[(1-benzyl-1H-1,2,3-
triazol-4-yl)methyl]amine (TBTA). This product is of particular interest for the 
preparation of TBTA-derived carbene ligands, which were currently inaccessible by 
alkylation approaches. 
 Novel pyridine-containing triazolium salts were employed as NHC precursors in 
preparation of transition metal complexes with palladium, ruthenium and iridium. While 
palladium complexes were formed in a mixture of products, which was unable to separate, 
ruthenium as well as iridium centred complexes were achieved in good yields. 
 Novel Ru-(Py-tzNHC) and Ir-(Py-tzNHC) were employed in transfer hydrogenation 
reaction to test their catalytic activity. The results of a brief screening of a series of Ru-
NHC complexes showed that complexes bearing triaryl-substituted triazolium ligands are 
approximately 20% more efficient as compared to their alkyl substituted analogues in 
terms of turnover frequency and also yielded approximately 70% higher turnover 
numbers after longer reaction times. 
 A novel mechanistic proposal for copper-free Sonogashira has been scrutinized through 
a thorough experimental-computational study. It has been demonstrated that contrary to 
the earlier mechanistic proposals the reaction proceeds via a bicyclic transmetallation 
protocol. Crucial intermediates have been identified and confirmed by comparison with 
authentic samples prepared by independent routes. 
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 An example of isolated transmetallation process between two intermediates, namely the 
oxidative addition product as well as palladium acetylide, was demonstrated to afford the 
coupled Sonogashira product. The results of the transmetallation reaction are in 
compliance with the catalytic reaction using initial substrates. 
 A kinetic study of copper-free Sonogashira reaction returned a reaction order of 1 in 
palladium. 
 A thorough computational study was performed in support of copper-free Sonogashira 
reaction mechanism and showed transmetallation as chemically intuitive low energy 
channel as compared to previously proposed direct monometallic deprotonation 
mechanism. 
 Preparation of 1,2,4-trisubstituted-1,3-enynes was studied. Coupling reaction between 
silyl-substituted gem-enyne and aryl iodide showed that the reaction can proceed via 
alkyne dimerization–Heck reaction successive process in case of thermally stable 
substrates. On the other hand, application of aromatic acetylenes showed these 
intermediates as unstable and prone to decomposition, which indicates that the reaction 
proceeds via alternative mechanisms. 
 Hydroamination reaction using Pd-iPEPPSI complex operates at room temperature and 
without additives, affording coupled imine product in excellent yield. 
 Mechanism of hydroamination reaction was theoretically scrutinized and displayed the 
unique actor role of iPEPPSI ligands as internal base for the transfer of hydrogen atoms 
in addition to their passive role as stabilizing ligand for the central metal. This 
unprecedented type of catalysis will be beneficial for the development of new catalytic 
systems and processes. 
In conclusion, this dissertation describes the preparation of novel ligand precursors for new and 
improved transition metal complexes and their catalytic applications. Furthermore, better 
understanding of reaction mechanisms offers valuable insight into further development of 
catalytic processes in organic chemistry, such as palladium-catalysed cross-coupling reactions 
and hydroamination reactions in general. 
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Chapter 5: EXPERIMENTAL PART 
5.1 GENERAL INFORMATION 
The reagents and solvents were used as obtained from the commercial sources (Merck, 
Fluorochem), unless noted otherwise. 
Reactions under ‘dry’ conditions were performed in oven-dried glassware under argon 
atmosphere. ‘Dry dichloromethane’ and ‘dry acetonitrile’ were dried over calcium hydride and 
distilled prior to use. ‘Dry toluene’ and ‘dry THF’ were dried over sodium and distilled prior to 
use. ‘Dry isopropanol’ was dried over CaSO4, distilled, and stored over 5 Å molecular sieves in 
argon atmosphere. ‘Dry DMF’ was purchased as anhydrous DMF (99.8%) from Merck and stored 
under argon atmosphere and a septum cap. 
Silica gel column chromatography was carried out on silica gel 60N. Analytical thin-layer 
chromatography (TLC) was carried out on TLC-cards silica gel, 220–440 mesh, visualized with 
a UV lamp (254 nm and/or 366 nm). 
Melting points were determined on a Kofler micro hot-stage microscope and are uncorrected. 
IR spectra were obtained with a Perkin–Elmer Spectrum 100, equipped with a Specac Golden 
Gate Diamond ATR as a solid sample support. 
High resolution mass spectra (HRMS) were recorded on Agilent 6224 time-of-flight mass 
spectrometer equipped with a double orthogonal electrospray source at atmospheric pressure 
ionization (ESI) coupled to an HPLC instrument by dr. Damijana Urankar. 
NMR spectra were recorded with a Bruker Avance III 500 MHz NMR instrument operating at 
500 MHz (1H), 471 MHz (19F), 126 MHz (13C), 51 MHz (15N), 202 MHz (31P) at 296 K or with a 
Bruker Avance DPX 300 spectrometer operating at 300 MHz (1H) at 302 K in DMSO-d6, CDCl3 
or acetone-d6 using TMS as an internal standard. 
Proton spectra were recalibrated to the residual solvent shifts of δ 2.50, δ 7.26, and δ 2.05 ppm, 
for DMSO-d6, CDCl3, and acetone-d6, respectively.226 Carbon spectra were recalibrated to the 
residual solvent shifts of δ 39.52, δ 77.16, and δ 29.84 ppm, for DMSO-d6, CDCl3, and acetone-
d6, respectively. 19F NMR spectra were referenced to CCl3F as external standard at δ 0 ppm. 31P 
NMR spectra were referenced to external 85% phosphoric acid (δ 0 ppm) and were acquired with 
a Bruker 31P composite pulse decoupling (CPD) program. 15N chemical shifts were extracted from 
1H–15N gs-HMBC spectra (with 4.5 Hz digital resolution in the indirect dimension and the 
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parameters adjusted for a long-range 1H–15N coupling constant of 5 Hz), determined with respect 
to external nitromethane and corrected to external ammonia by addition of 380.5 ppm.  
Assignments of some proton, carbon and phosphorous resonances were performed by 2D NMR 
techniques (1H−1H gs-COSY, 1H−13C gs-HSQC, 1H−13C gs-HMBC, 1H−15N gs-HMBC and 
1H−31P gs-HMBC). Coupling constants (J) are given in Hz. Multiplicities are indicated as follows: 
s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet) or br (broad). Resonances of NMe2 
carbon atoms were superimposed with that for DMSO-d6 solvent and were identified through the 
assistance of 1H−13C HSQC spectra. 
The XRD analysis and determination of crystal structures of grown monocrystals were performed 
at the Freie Universität Berlin by Julia Beerhues and Lisa Suntrup. 
All reactions were conducted at least in triplicates, always returning consistent results. 
DFT calculations regarding the copper-free Sonogashira mechanism were designed and 
performed by Prof. Dr. Balázs Pintér. 
Details about the calculation methods are given in the Computational details section. 
 EXPERIMENTAL PART 
 
-77- 
 
5.2 SYNTHESIS OF TRIARYLATED iPEPPSI LIGAND 
PRECURSORS 
5.2.1 General remarks 
Starting triazoles 1.1,201 diaryliodonium salts 1.2,227,228 aromatic and benzyl azides (1.4)201 and 
[Cu(PPh3)3Br]229 were prepared according to the known literature procedures. 
Caution! The handling of azides is dangerous because of their explosive character and all 
reactions should be carried out on a small scale.230 
5.2.2 Preparation of triazoles 1.1 
Genral procedure for the preparation of triazoles 1.1 
 
Triazoles 1.1 were synthesized according to a slightly modified literature procedure201 as follows. 
A mixture of organic azide 1.4 (1 mmol), acetylene 1.5 (1 mmol), and [Cu(PPh3)3Br] (0.01 mmol, 
9 mg, 1 mol%) was stirred at room temperature overnight. The reaction mixture was dissolved in 
hot ethyl acetate and the product was precipitated by the addition of light petroleum with cooling. 
1H NMR data of the isolated products were in agreement with the literature reports.93,201,206,231-235 
1,4-Diphenyl-1H-1,2,3-triazole (1.1Aa, R1=R2=Ph) 
Following the general procedure employing azidobenzene (119 mg) and phenylacetylene (1.5a, 
102 mg). Off-white solid (137 mg, 0.620 mmol, 62%). 
1H NMR (500 MHz, DMSO-d6) δ 9.31 (s, 1H), 8.00–7.90 (m, 4H), 7.68–7.60 (m, 2H), 7.56–7.47 
(m, 3H), 7.42–7.35 (m, 1H). 
Spectral data are in agreement with the literature.231,232 
4-Phenyl-1-(p-tolyl)-1H-1,2,3-triazole (1.1Ab, R1=4-CH3-C6H4, R2=Ph) 
Following the general procedure employing azidotoluene (133 mg) and phenylacetylene (1.5a, 
102 mg). Off-white solid (199 mg, 0.846 mmol, 85%). 
1H NMR (500 MHz, DMSO-d6) δ 9.26 (s, 1H), 7.97–7.92 (m, 2H), 7.86–7.81 (m, 2H), 7.53–7.47 
(m, 2H), 7.46–7.42 (m, 2H), 7.41–7.36 (m, 1H), 2.40 (s, 3H). 
Spectral data are in agreement with the literature.232 
1-(4-Methoxyphenyl)-4-phenyl-1H-1,2,3-triazole (1.1Ac, R1=4-MeO-C6H4, R2=Ph) 
Following the general procedure employing 1-azido-4-methoxybenzene (149 mg) and 
phenylacetylene (1.5a, 102 mg). Brown solid (216 mg, 0.864 mmol, 86%). 
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1H NMR (500 MHz, DMSO-d6) δ 9.20 (s, 1H), 7.96–7.91 (m, 2H), 7.88–7.83 (m, 2H), 7.52–7.47 
(m, 2H), 7.40–7.35 (m, 1H), 7.21–7.15 (m, 2H), 3.85 (s, 3H). 
Spectral data are in agreement with the literature.233 
1-(4-Nitrophenyl)-4-phenyl-1H-1,2,3-triazole (1.1Ad, R1=4-NO2-C6H4, R2=Ph) 
Following the general procedure employing 1-azido-4-nitrobenzene (164 mg) and 
phenylacetylene (1.5a, 102 mg). Yellow solid (169 mg, 0.635 mmol, 64%). 
1H NMR (500 MHz, DMSO-d6) δ 9.54 (s, 1H), 8.56–8.46 (m, 2H), 8.30–8.25 (m, 2H), 8.05–7.89 
(m, 2H), 7.59–7.47 (m, 2H), 7.46–7.36 (m, 1H). 
Spectral data are in agreement with the literature.231 
1-(4-Methoxyphenyl)-4-(4-nitrophenyl)-1H-1,2,3-triazole (1.1Ae, R1=4-MeO-C6H4, R2=4-
NO2-C6H4) 
Following the general procedure employing 1-azido-4-methoxybenzene (149 mg) and 1-ethynyl-
4-nitrobenzene (147 mg). Off-white solid (266 mg, 0.897 mmol, 90%). 
1H NMR (500 MHz, DMSO-d6) δ 9.46 (s, 1H), 8.40–8.35 (m, 2H), 8.22–8.17 (m, 2H), 7.90–7.84 
(m, 2H), 7.22–7.16 (m, 2H), 3.85 (s, 3H). 
Spectral data are in agreement with the literature.234 
4-(4-Methoxyphenyl)-1-(4-nitrophenyl)-1H-1,2,3-triazole (1.1Af, R1=4-NO2-C6H4, R2=4-
MeO-C6H4) 
Following the general procedure employing 1-azido-4-nitrobenzene (164 mg) and 1-ethynyl-4-
methoxybenzene (132 mg). Yellow solid (262 mg, 0.884 mmol, 88%). 
1H NMR (500 MHz, DMSO-d6) δ 9.43 (s, 1H), 8.58–8.44 (m, 2H), 8.30–8.23 (m, 2H), 7.93–7.84 
(m, 2H), 7.17–7.04 (m, 2H), 3.82 (s, 3H). 
Spectral data are in agreement with the literature.235 
2-(1-(p-Tolyl)-1H-1,2,3-triazol-4-yl)pyridine (1.1Ba, R1=4-CH3-C6H4, R2=2-Py) 
Following the general procedure employing 4-azidotoluene (133 mg) and 2-ethynylpyridine 
(1.5b, 103 mg). Off-white solid (220 mg, 0.931 mmol, 93%). 
1H NMR (500 MHz, DMSO-d6) δ 9.27 (s, 1H), 8.66 (ddd, J = 4.9, 1.7, 0.9 Hz, 1H), 8.14–8.10 
(m, 1H), 7.95 (td, J = 7.7, 1.8 Hz, 1H), 7.93–7.88 (m, 2H), 7.46–7.36 (m, 4H), 2.40 (s, 3H). 
Spectral data are in agreement with the literature.201 
2-(1-Phenyl-1H-1,2,3-triazol-4-yl)pyridine (1.1Bb, R1=Ph, R2=2-Py) 
Following the general procedure employing azidobenzene (119 mg) and 2-ethynylpyridine (1.5b, 
103 mg). Off-white solid (186 mg, 0.837 mmol, 84%). 
 EXPERIMENTAL PART 
 
-79- 
 
1H NMR (500 MHz, DMSO-d6) δ 9.34 (s, 1H), 8.66 (ddd, J = 4.8, 1.8, 0.9 Hz, 1H), 8.13 (dt, J = 
7.9, 1.1 Hz, 1H), 8.06–8.01 (m, 2H), 7.95 (td, J = 7.7, 1.8 Hz, 1H), 7.67–7.59 (m, 2H), 7.56–7.49 
(m, 1H), 7.41 (ddd, J = 7.6, 4.8, 1.2 Hz, 1H). 
Spectral data are in agreement with the literature.201 
2-(1-(4-Methoxyphenyl)-1H-1,2,3-triazol-4-yl)pyridine (1.1Bc, R1=4-MeO-C6H4, R2=2-Py) 
Following the general procedure employing 1-azido-4-methoxybenzene (149 mg) and 2-
ethynylpyridine (1.5b, 103 mg). 
1H NMR (500 MHz, DMSO-d6) δ 9.23 (s, 1H), 8.65 (d, J = 4.6 Hz, 1H), 8.13–8.08 (m, 1H), 7.97–
7.91 (m, 3H), 7.40 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H), 7.18–7.13 (m, 2H), 3.84 (s, 3H). Off-white 
solid (239 mg, 0.947 mmol, 95%). 
Spectral data are in agreement with the literature.201 
2-(1-(4-Nitrophenyl)-1H-1,2,3-triazol-4-yl)pyridine (1.1Bd, R1=4-NO2-C6H4, R2=2-Py) 
Following the general procedure employing 1-azido-4-nitrobenzene (164 mg) and 2-
ethynylpyridine (1.5b, 103 mg). Off-white solid (252 mg, 0.943 mmol, 9%). 
1H NMR (500 MHz, DMSO-d6) δ 9.57 (d, J = 2.4 Hz, 1H), 8.70–8.65 (m, 1H), 8.50–8.45 (m, 
2H), 8.40–8.33 (m, 2H), 8.14 (dt, J = 8.0, 1.1 Hz, 1H), 7.97 (td, J = 7.7, 1.8 Hz, 1H), 7.44 (ddd, 
J = 7.6, 4.8, 1.2 Hz, 1H). 
Spectral data are in agreement with the literature.201 
N,N-Dimethyl-4-(4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl)aniline (1.1Be, R1=4-NMe2-C6H4, 
R2=2-Py) 
Following the general procedure employing 4-azido-N,N-dimethylaniline (162 mg) and 2-
ethynylpyridine (1.5b, 103 mg). 
1H NMR (500 MHz, DMSO-d6) δ 9.12 (s, 1H), 8.69–8.57 (m, 1H), 8.10 (d, J = 7.9 Hz, 1H), 7.97–
7.88 (m, 1H), 7.83–7.75 (m, 2H), 7.43–7.35 (m, 1H), 6.90–6.84 (m, 2H), 2.98 (s, 6H). Off-white 
solid (123 mg, 0.462 mmol, 46%). 
Spectral data are in agreement with the literature.201 
2-(1-Ethyl-1H-1,2,3-triazol-4-yl)pyridine (1.1Bf, R1=Et, R2=2-Py) 
Following a slightly modified literature procedure,93 ethyl iodide (702 mg, 4.5 mmol) and sodium 
azide (878 mg, 13.5 mmol, 3 equiv) were stirred in 35 mL of THF/water/tert-butanol mixture 
(2:2:1, v/v/v) at room temperature for 1 h. Afterwards, [Cu(PPh3)3Br] (52 mg, 55 µmol, 1 mol%) 
was added followed by addition of 2-ethynylpyridine (1.5b, 284 mg, 2.75 mmol, 0.6 equiv). The 
reaction mixture was stirred at 70 °C for 20 h. Products were extracted with dichloromethane and 
washed with brine and saturated water solution of ammonium chloride. The organic layers were 
dried over sodium sulfate and evaporated. Crude product was purified with column 
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chromatography on silica (dichloromethane : acetone = 50:1→5:1). Brown oil (340 mg, 1.95 
mmol, 71%). 
1H NMR (500 MHz, DMSO-d6) δ 8.63 (s, 1H), 8.59 (ddd, J = 4.8, 1.8, 0.9 Hz, 1H), 8.02 (dt, J = 
7.8, 1.1 Hz, 1H), 7.89 (td, J = 7.7, 1.8 Hz, 1H), 7.34 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H), 4.45 (q, J = 
7.3 Hz, 2H), 1.48 (t, J = 7.3 Hz, 3H). 
Spectral data are in agreement with the literature.93 
2-((4-Phenyl-1H-1,2,3-triazol-1-yl)methyl)pyridine (1.1Ca, R1=2-Pic, R2=Ph) 
Following the general procedure employing 2-(azidomethyl)pyridine (134 mg) and 
phenylacetylene (1.5a, 102 mg). White solid (193 mg, 0.817 mmol, 82%). 
1H NMR (500 MHz, DMSO-d6) δ 8.66 (s, 1H), 8.55 (ddd, J = 4.8, 1.8, 0.9 Hz, 1H), 7.89–7.81 
(m, 3H), 7.47–7.42 (m, 2H), 7.39–7.31 (m, 4H), 5.76 (s, 2H). 
Spectral data are in agreement with the literature.201 
2-((4-(p-Tolyl)-1H-1,2,3-triazol-1-yl)methyl)pyridine (1.1Cb, R1=2-Pic, R2=4-CH3-C6H4) 
Following the general procedure employing 2-(azidomethyl)pyridine (134 mg) and 1-azido-4-
methylbenzene (133 mg). White solid (200 mg, 0.799 mmol, 80%).  
1H NMR (500 MHz, DMSO-d6) δ 8.59 (s, 1H), 8.55 (ddd, J = 4.7, 1.7, 0.9 Hz, 1H), 7.84 (td, J = 
7.7, 1.8 Hz, 1H), 7.77–7.72 (m, 2H), 7.36 (ddd, J = 7.6, 4.9, 1.1 Hz, 1H), 7.34–7.30 (m, 1H), 
7.27–7.22 (m, 2H), 5.74 (s, 2H), 2.32 (s, 3H). 
Spectral data are in agreement with the literature.201 
2-((4-(p-Tolyl)-1H-1,2,3-triazol-1-yl)methyl)pyridine (1.1Cc, R1=2-Pic, R2=4-MeO-C6H4) 
Following the general procedure employing 2-(azidomethyl)pyridine (134 mg) and 1-azido-4-
methoxylbenzene (149 mg). White solid (219 mg, 0.822 mmol, 82%). 
1H NMR (500 MHz, DMSO-d6) δ 8.55 (ddd, J = 4.9, 1.9, 1.0 Hz, 1H), 8.54 (s, 1H), 7.83 (td, J = 
7.7, 1.8 Hz, 1H), 7.81–7.76 (m, 2H), 7.36 (ddd, J = 7.6, 4.9, 1.1 Hz, 1H), 7.34–7.30 (m, 1H), 
7.05–6.97 (m, 2H), 5.73 (s, 2H), 3.78 (s, 3H). 
Spectral data are in agreement with the literature.201 
 
2-((4-(Pyridin-2-yl)-1H-1,2,3-triazol-1-yl)methyl)pyridine (1.1D) 
Following the general procedure employing 2-(azidomethyl)pyridine (1.4b, 134 mg) and 2-
ethynylpyridine (1.5b, 103 mg). Off-white solid (136 mg, 0.573 mmol, 57%). 
Mp 76.4–77.3 °C. 
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IR 3424, 3149, 3056, 2997, 2958, 1593, 1475, 1440, 1420, 1228, 1195, 1149, 1090, 784, 728 cm–
1. 
1H NMR (500 MHz, DMSO-d6) δ 8.68 (s, 1H, H-5), 8.60 (ddd, J = 4.8, 1.9, 1.0 Hz, 1H, H-6''), 
8.55 (ddd, J = 4.8, 1.9, 1.0 Hz, 1H, H-6'), 8.04 (dt, J = 7.9, 1.1 Hz, 1H, H-3''), 7.89 (td, J = 7.7, 
1.8 Hz, 1H, H-4''), 7.83 (td, J = 7.7, 1.8 Hz, 1H, H-4'), 7.39–7.31 (m, 3H, H-5', H-5'', H-3'), 5.80 
(s, 2H, CH2). 
13C NMR (126 MHz, DMSO-d6) δ 154.9 (C-2'), 149.9 (C-2''), 149.7 (C-6''), 149.5 (C-6'), 147.4 
(C-4), 137.5 (C-4'), 137.3 (C-4''), 124.2 (C-5), 123.3 (C-5''), 123.1 (C-5'), 122.2 (C-3'), 119.5 (C-
3''), 54.5 (CH2). 
15N NMR (DMSO-d6) δ 365 (N-3), 349 (N-2), 313 (N-1'), 306 (N-1''), 248 (N-1). 
HRMS (ESI+): calcd. for C13H12N5+ [M + H]+ 238.1087, found 238.1085. 
Spectral and analytical data are in agreement with those reported in the literature.206 
 
5.2.3 Preparation of diaryliodonium salts 1.2 
 
Diphenyliodonium salts 1.2a and 1.2q 
Iodobenzene (4.08 g, 20 mmol) and benzene (2.03 g, 26 mmol, 1.3 equiv) were dissolved in dry 
dichloromethane (80 mL) in an oven-dried round-bottomed flask. mCPBA (5.40 g, ~22 mmol, 
~1.1 equiv, ~70 w%) was added to the solution followed by dropwise addition of boron trifluoride 
etherate (9.8 mL, 78 mmol, 3 equiv; for the preparation of 1.2a) or trifluoromethanesulfonic acid 
(6.0 g, 40 mmol, 3.5 mL, 2 equiv; for preparation of 1.2q). The reaction mixture was stirred 
overnight (16 h) and concentrated under reduced pressure. Diethyl ether was added and the 
precipitate was collected by filtration and washed with diethyl ether to obtain pure iodonium salt 
1.2a or 1.2q as a white solid (14.2 mmol, 71%). 1H and 19F NMR data were in agreement with 
those reported in the literature.227,236,237 
General procedure for the preparation of phenyl(mesityl)iodonium salts 1.2c–g 
 
A mixture of aryl iodide (20 mmol) and mesitylene (3.13 g, 26 mmol, 1.3 equiv) was dissolved 
in dry dichloromethane (80 mL) in an oven-dried round-bottomed flask. mCPBA (5.40 g, ~22 
mmol, ~1.1 equiv, ~70 w%) was added, followed by the addition of selected acid (TsOH · H2O 
for 2m; BF3·Et2O for 2n; HClO4 for 2o; H2SO4 for 2p; 55% water solution of HPF6 for 2q; 40 
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mmol, 2 equiv). The reaction mixture was stirred overnight (16 h) and then concentrated under 
reduced pressure. After the addition of diethyl ether the precipitate was formed, which was 
collected by filtration and washed with diethyl ether to obtain pure iodonium salts 2m–q as white 
to off-white solids. 1H NMR data were in agreement with those reported in the literature.227,236,237 
Preparation of diaryliodonium triflates 1.2b, 1.2h, 1.2i, 1.2k, 2l, 2n–p (adopted from Ref.227) 
Aryl iodide (20 mmol) and mesitylene (3.13 g, 26 mmol, 1.3 equiv) were dissolved in dry 
dichloromethane (80 mL) in an oven-dried round-bottomed flask. mCPBA (5400 mg, ~22 mmol, 
~1.1 equiv, ~70 w%) was added to the stirred solution followed by dropwise addition of 
trifluoromethanesulfonic acid (6.0 g, 40 mmol, 3.5 mL, 2 equiv). The reaction mixture was stirred 
overnight (16 h) and concentrated under reduced pressure and triturated with diethyl ether. The 
precipitate was collected by filtration and washed with diethyl ether to obtain pure iodonium salt 
2 as a white to off-white solid. 1H NMR data were in agreement with those reported in the 
literature.227,236,237 
 
bis(4-Methoxyphenyl)iodonium tetrafluoroborate (1.2j) 
Oven dried glass flask was equipped with a magnetic stirring bar followed by the addition of 
mCPBA (7.40 g, ~30 mmol, ~1.5 equiv, ~70 w%) and dry dichloromethane (100 mL). 4-
Iodoanisole (20 mmol, 4.68 g), anisole (24 mmol, 2.60 g), and p-toluenesulfonic acid 
monohydrate (24 mmol, 4.57 g) were added. The reaction mixture was stirred at reflux for 2 h. 
After cooling down to room temperature, the reaction mixture was concentrated under reduced 
pressure and triturated with diethyl ether. After resting in a fridge (–20 °C) overnight, the 
precipitate was collected by filtration. The filtrate was dissolved in methanol (200 mL), followed 
by the addition of water/methanol (300 mL, 1:1, v/v) suspension of KBF4 (200 mmol). After 30 
min of stirring, the precipitate was collected by filtration, washed with water (6 × 250 mL), and 
dried to give pure iodonium salt 2e (7.83 g, 18.3 mmol, 91%). 
1H NMR (500 MHz, DMSO-d6) δ 8.16–8.09 (m, 2H), 7.09–7.02 (m, 2H), 3.79 (s, 3H). 19F NMR 
(471 MHz, DMSO-d6) δ –148.3 (d, J = 26 Hz). 
NMR data were in agreement with those reported in the literature.238 
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(4-(Dimethylamino)phenyl)(mesityl)iodonium trifluoromethanesulfonate (1.2m) 
This compound was prepared by a slightly modified procedure of Bielawski et al.,228 to avoid 
potential N-oxidation at the amine nitrogen atom. 4-Iodo-N,N-dimethylaniline (50 mmol) was 
dissolved in dry dichloromethane and TfOH (15.5 mL, 175 mmol, 3.5 equiv) was added dropwise 
while stirring on an ice bath (the reaction is exothermic). The stirring was continued for 15 
minutes at room temperature, followed by the addition of mesitylene (7.8 g, 65 mmol, 1.3 equiv). 
mCPBA (15.4 g, ~62.5 mmol, ~1.25 equiv, ~70 w%) was added portionwise and the resulting 
reaction mixture was refluxed for 1 h. After cooling down to room temperature, the reaction 
mixture was filtered through a pad of basic Al2O3 and eluted with a sufficient amount of a mixture 
of MeOH : dichloromethane (1:1, v/v) to isolate all product from the pad (TLC monitoring). The 
eluate was concentrated under reduced pressure and diethyl ether was added to precipitate pure 
product 1.2m as a white solid, which was isolated by filtration (19.7 g, 38.2 mmol, 76%). 
1H NMR (500 MHz, DMSO-d6) δ 7.80–7.70 (m, 2H, H-2, H-6), 7.16 (s, 2H, H-3', H-5'), 6.72–
6.64 (m, 2H, H-3, H-5), 2.93 (s, 6H, NMe2), 2.60 (s, 6H, o-CH3), 2.27 (s, 3H, p-CH3). 
13C NMR (126 MHz, DMSO-d6) δ 151.9 (C-4), 142.6 (C-4'), 141.2 (C-2', C-6'), 136.3 (C-2, C-
6), 129.6 (C-3', C-5'), 123.4 (C-1'), 122.0 (C-4'), 119.5, 114.4 (C-3, C-5), 96.1 (C-1), 39.6 (NMe2) 
26.3 (CH3-2', CH3-6'), 20.5 (CH3-4'). 
15N NMR (DMSO-d6) δ 57 (NMe2). 
19F NMR (471 MHz, DMSO-d6) δ –77.73 (OTf). 
HRMS (ESI+): calcd. for C17H21IN+ [M]+ 366.0713, found 366.0714. 
 
5.2.4 General procedure for arylation of triazoles 1.1 
ACE glass reaction tube equipped with a magnetic stirring bar, pre-dried in an oven at 130 °C and 
cooled in a stream of nitrogen gas, was charged with the corresponding triazole 1.1 (0.2 mmol), 
diaryliodonium salt 2 (0.36 mmol, 1.8 equiv), and anhydrous CuSO4 (3 mg, 0.02 mmol, 10 mol%). 
The reaction mixture was flushed with nitrogen gas, sealed, and placed into a preheated metal 
block at 130 °C. The reaction mixture was stirred overnight (17 h) at 130 °C to obtain tar-like 
crude product. After cooling down to ambient temperature, the crude product was dissolved in 
acetone and triturated with light petroleum to obtain pure triazolium salt 1.3. Triazolium salts 
1.3B and 1.3Ca–c were further purified by using column chromatography on silica (MeOH : 
dichloromethane = 30:1→10:1, v/v). 
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5.2.4.1 Triazolium salts 1.3A 
 
1,3,4-Triphenyl-1H-1,2,3-triazol-3-ium trifluoromethanesulfonate (1.3Aa, R1=R2=R3=H) 
Following the general procedure employing 1,4-diphenyl-1H-1,2,3-triazole (1.1Aa, 44 mg) and 
mesityl(phenyl)iodonium trifluoromethanesulfonate (1.2b, 170 mg). Off-white solid (87 mg, 
0.194 mmol, 97%). 
Mp 106–108 °C. 
IR 3106, 3067, 1604, 1491, 1255, 1230, 1169, 1157, 1079, 763, 695, 634 cm–1. 
1H NMR (500 MHz, DMSO-d6) δ 10.07 (s, 1H, H-5), 8.20–8.14 (m, 2H, H-2', H-6'), 7.86–7.79 
(m, 3H, H-3', H-5', and H-4'), 7.77–7.72 (m, 3H, H-2'', H-6'', and H-4''), 7.69 (ddd, J = 7.6, 4.5, 
1.8 Hz, 2H, H-3'', H-5''), 7.62–7.58 (m, 1H, H-4'''), 7.58–7.53 (m, 2H, H-3''', H-5'''), 7.49–7.45 
(m, 2H, H-2''', H-6'''). 
13C NMR (126 MHz, DMSO-d6) δ 143.4 (C-4), 134.8 (C-1'), 133.9 (C-1''), 132.32 (C-4''), 132.26 
(C-4'), 131.7 (C-4'''), 130.7 (C-3', C-5'), 130.2 (C-3'', C-5''), 129.4 (C-3''', C-5'''), 129.3 (C-2''', C-
6'''), 127.7 (C-5), 126.3 (C-2'', C-6''), 122.5 (C-1'''), 121.7 (C-2', C-6'). 
15N NMR (51 MHz, DMSO-d6) δ 254 (N-1), 249 (N-3). 
19F NMR (471 MHz, DMSO-d6) δ –77.76 (OTf). 
HRMS (ESI+): calcd. for C20H16N3+ [M+] 298.1339, found 298.1349. 
HRMS (ESI–): calcd. for CF3O3S– [M–] 148.9526, found 148.9530. 
3,4-Diphenyl-1-(p-tolyl)-1H-1,2,3-triazol-3-ium trifluoromethanesulfonate (1.3Ab, R1=CH3, 
R2=R3=H) 
Following the general procedure employing 4-phenyl-1-(p-tolyl)-1H-1,2,3-triazole (1.1Ab, 47 
mg) and mesityl(phenyl)iodonium trifluoromethanesulfonate (1.2b, 170 mg). Off-white solid (91 
mg, 0.197 mmol, 99%). 
Mp 125–128 °C. 
IR 3099, 3074, 1610, 1566, 1512, 1490, 1455, 1282, 1255, 1222, 1168, 1149, 1029, 820, 766, 
694 cm–1. 
1H NMR (500 MHz, DMSO-d6) δ 10.03 (s, 1H, H-5), 8.09–8.04 (m, 2H, H-2', H-6'), 7.76–7.73 
(m, 3H, H-2'', H-6'' and H-4''), 7.69 (ddt, J = 8.8, 5.7, 1.5 Hz, 2H, H-3'', H-5''), 7.64–7.61 (m, 2H, 
H-3', H-5'), 7.61–7.58 (m, 1H, H-4'''), 7.55 (ddd, J = 8.5, 7.1, 1.0 Hz, 2H, H-3''', H-5'''), 7.49–7.45 
(m, 2H, H-2''', H-6'''), 2.48 (s, 3H, CH3). 
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13C NMR (126 MHz, DMSO-d6) δ 143.3 (C-4), 142.5 (C-4'), 134.0 (C-1''), 132.5 (C-1'), 132.2 
(C-4''), 131.6 (C-4'''), 131.0 (C-3', C-5'), 130.2 (C-3'', C-5''), 129.33 (C-3''', C-5'''), 129.30 (C-2''', 
C-6'''), 127.4 (C-5), 126.3 (C-2'', C-6''), 122.6 (C-1'''), 121.4 (C-2', C-6'), 20.8 (CH3). 
15N NMR (51 MHz, DMSO-d6) δ 255 (N-1), 249 (N-3). 
19F NMR (471 MHz, DMSO-d6) δ –77.75 (OTf). 
HRMS (ESI+): calcd. for C21H18N3+ [M+] 312.1495, found 312.1497. 
HRMS (ESI–): calcd. for CF3O3S– [M–] 148.9526, found 148.9521. 
The synthesis of triazolium salt 1.3Ab (871 mg, 1.89 mmol, 94%) was also conducted on a larger 
scale by general procedure described above with 4-phenyl-1-(p-tolyl)-1H-1,2,3-triazole (1.1Ab, 
471 mg, 2 mmol), phenyl(mesityl)iodonium triflate (1.2b, 1700 mg, 3.6 mmol, 1.8 equiv), and 
anhydrous CuSO4 (32 mg, 0.2 mmol, 10 mol%). 
4-Phenyl-1-(p-tolyl)-3-(4-(trifluoromethyl)phenyl)-1H-1,2,3-triazol-3-ium 
trifluoromethanesulfonate (1.3Ac, R1=CH3, R2=H, R3=4-CF3) 
Following the general procedure employing 4-phenyl-1-(p-tolyl)-1H-1,2,3-triazole (1.1Ab, 47 
mg) and mesityl(4-(trifluoromethyl)phenyl)iodonium trifluoromethanesulfonate (1.2h, 194 mg). 
Off-white solid (101 mg, 0.191 mmol, 95%). 
Mp 69–72 °C. 
IR 3084, 1611, 1566, 1513, 1490, 1323, 1256, 1224, 1129, 1064, 1029, 853, 818, 765, 695, 636 
cm–1. 
1H NMR (500 MHz, DMSO-d6) δ 10.06 (s, 1H, H-5), 8.13 (d, J = 8.5 Hz, 2H, H-3'', H-5''), 8.08 
(d, J = 8.5 Hz, 2H, H-2', H-6'), 7.98 (d, J = 8.4 Hz, 2H, H-2'', H-6''), 7.66–7.56 (m, 5H, H-3', H-
5' and H-4''' and H-3''', H-5'''), 7.49 (d, J = 7.1 Hz, 2H, H-2''', H-6'''), 2.48 (s, 3H, CH3). 
13C NMR (126 MHz, DMSO-d6) δ 143.6 (C-4), 142.7 (C-4'), 137.1 (C-1''), 132.4 (C-1'), 131.8 
(C-4'''), 131.0 (C-3', C-5'), 129.5 (C-3''', C-5'''), 129.4 (C-2''', C-6'''), 127.5 (m, C-5, C-3'', C-5''), 
122.2 (C-1'), 121.4 (C-2', C-6'), 20.9 (CH3). Quartet signals for C-4'' and CF3 carbon atom could 
not be located in the spectrum. 
15N NMR (51 MHz, DMSO-d6) δ 256 (N-1), 246 (N-3). 
19F NMR (471 MHz, DMSO-d6) δ –61.43 (CF3), –77.75 (OTf). 
HRMS (ESI+): calcd. for C22H17F3N3+ [M+] 380.1369, found 380.1377. 
4-Phenyl-1,3-di-p-tolyl-1H-1,2,3-triazol-3-ium trifluoromethanesulfonate (1.3Ad, R1=CH3, 
R2=H, R3=4-CH3) 
Following the general procedure employing 4-phenyl-1-(p-tolyl)-1H-1,2,3-triazole (1.1Ab, 47 
mg) and mesityl(p-tolyl)iodonium trifluoromethanesulfonate (1.2i, 175 mg). Off-white solid (90 
mg, 0.189 mmol, 95%). 
Mp 77–78 °C. 
IR 3077, 1707, 1610, 1567, 1510, 1252, 1223, 1154, 1028, 819, 765, 696, 635 cm–1. 
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1H NMR (500 MHz, DMSO-d6) δ 10.00 (s, 1H, H-5), 8.05 (d, J = 8.6 Hz, 2H, H-2', H-6'), 7.64–
7.57 (m, 5H, H-2'', H-6'' and H-3', H-5' and H-4'''), 7.57–7.51 (m, 2H, H-3''', H-5'''), 7.50–7.45 (m, 
4H, H-3'', H-5'' and H-2''', H-6'''), 2.47 (s, 3H, CH3'), 2.42 (s, 3H, CH3''). 
13C NMR (126 MHz, DMSO-d6) δ 143.2 (C-4), 142.4 (C-4'), 142.3 (C-4''), 132.4 (C-1'), 131.50 
(C-4'''/C-1''), 131.43 (C-1''/C-4'''), 130.9 (C-3', C-5'), 130.5 (C-3'', C-5''), 129.27 (C-3''', C-5'''), 
129.21 (C-2''', C-6'''), 127.3 (C-5), 125.9 (C-2'', C-6''), 122.6 (C-1'''), 121.2 (C-2', C-6'), 20.84 
(CH3''), 20.77 (CH3'). 
15N NMR (51 MHz, DMSO-d6) δ 254 (N-1), 249 (N-3). 
19F NMR (471 MHz, DMSO-d6) δ –77.76 (OTf). 
HRMS (ESI+): calcd. for C22H20N3+ [M+] 326.1652, found 326.1651. 
3-(4-Methoxyphenyl)-4-phenyl-1-(p-tolyl)-1H-1,2,3-triazol-3-ium tetrafluoroborate (1.3Ae, 
R1=CH3, R2=H, R3=4-OMe) 
Following the general procedure employing 4-phenyl-1-(p-tolyl)-1H-1,2,3-triazole (1.1Ab, 47 
mg) and bis(4-methoxyphenyl)iodonium tetrafluoroborate (1.2j, 154 mg). Off-white solid (85 mg, 
0.199 mmol, 99%). 
Mp 202–206 °C 
IR 3116, 1605, 1509,1218, 1174, 1049, 1019, 837, 817, 964, 694, 641 cm–1. 
1H NMR (500 MHz, DMSO-d6) δ 9.98 (s, 1H, H-5), 8.09–8.01 (m, 2H, H-2', H-6'), 7.67–7.63 
(m, 2H, H-2'', H-6''), 7.63–7.60 (m, 2H, H-3', H-5') 7.60–7.53 (m, 3H, H-3''', H-5''' and H-4'''), 
7.50–7.44 (m, 2H, H-2''', H-6'''), 7.22–7.18 (m, 2H, H-3'', H-5''), 3.85 (s, 3H, OCH3), 2.47 (s, 3H, 
CH3). 
13C NMR (126 MHz, DMSO-d6) δ 161.6 (OCH3), 143.3 (C-4), 142.5 (C-4'), 132.5 (C-1'), 131.6 
(C-4'''), 131.0 (C-3', C-5'), 129.36 (H-2''', H-6'''/H-3''', H-5'''), 129.27 (H-2''', H-6'''/H-3''', H-5'''), 
127.8 (C-2'', C-6''), 127.2 (C-5), 126.5 (C-1''), 122.7 (C-1'''), 121.3 (C-2', C-6'), 115.2 (C-3'', C-
5''), 55.9 (OCH3), 20.9 (CH3). 
15N NMR (51 MHz, DMSO-d6) δ 254 (N-1), 248 (N-3). 
19F NMR (471 MHz, DMSO-d6) δ –148.27 (d, J = 27 Hz, BF4). 
HRMS (ESI+): calcd. for C22H20N3O+ [M+] 342.1601, found 342.1604. 
3-(4-Nitrophenyl)-4-phenyl-1-(p-tolyl)-1H-1,2,3-triazol-3-ium trifluoromethanesulfonate 
(1.3Af, R1=CH3, R2=H, R3=4-NO2) 
Following the general procedure employing 4-phenyl-1-(p-tolyl)-1H-1,2,3-triazole (1.1Ab, 47 
mg) and mesityl(4-nitrophenyl)iodonium trifluoromethanesulfonate (1.2k, 186 mg). Off-white 
solid (70 mg, 0.138 mmol, 75%). 
Mp 88–92 °C. 
IR 3087, 1531, 1491, 1382, 1254, 1223, 1151, 1028, 854, 818, 766, 737, 694 cm–1. 
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1H NMR (500 MHz, DMSO-d6) δ 10.07 (s, 1H, H-5), 8.56–8.52 (m, 2H, H-3'', H-5''), 8.10–8.06 
(m, 2H, H-2', H-6'), 8.04–7.99 (m, 2H, H-2'', H-6''), 7.66–7.63 (m, 2H, H-3', H-5'), 7.62–7.53 (m, 
3H, H-3''', H-5''' and H-4'''), 7.52–7.47 (m, 2H, H-2''', H-6'''), 2.49 (s, 3H, CH3). 
13C NMR (126 MHz, DMSO-d6) δ 149.3 (C-4''), 143.7 (C-4), 142.8 (C-4'), 138.3 (C-1''), 132.4 
(C-1'), 131.9 (C-4'''), 131.1 (C-3', C-5'), 129.55 (H-2''', H-6'''/H-3''', H-5'''), 129.43 (H-2''', H-6'''/H-
3''', H-5'''), 128.0 (C-2'', C-6''), 127.63 (C-5), 125.6 (C-3'', C-5''), 122.1 (C-1'''), 121.4 (C-2', C-6'), 
20.9 (CH3). 
15N NMR (51 MHz, DMSO-d6) δ 368 (NO2), 256 (N-1), 245 (N-3). 
19F NMR (471 MHz, DMSO-d6) δ –77.76 (OTf). 
HRMS (ESI+): calcd. for C21H17N4O2+ [M+] 357.1346, found 357.1340. 
4-(Phenyl)-1-(p-tolyl)-3-(3-(trifluoromethyl)phenyl)-1H-1,2,3-triazol-3-ium 
trifluoromethanesulfonate (1.3Ag, R1=CH3, R2=H, R3=3-CF3) 
Following the general procedure employing 4-phenyl-1-(p-tolyl)-1H-1,2,3-triazole (1.1Ab, 47 
mg) and mesityl(3-(trifluoromethyl)phenyl)iodonium trifluoromethanesulfonate (1.2l, 194 mg). 
Brown solid (75 mg, 0.142 mmol, 71%). 
Mp 177–179 °C. 
IR 3067, 1462, 1341, 1317, 1260, 1223, 1181,1161, 1120, 1070, 1029, 816, 765 cm–1. 
1H NMR (500 MHz, DMSO-d6) δ 10.06 (s, 1H, H-5), 8.21 (d, J = 1.9 Hz, 1H, H-2''), 8.17 (dd, J 
= 8.2, 1.7 Hz, 1H, H-4''), 8.13–8.07 (m, 2H, H-2', H-6'), 8.04 (dt, J = 8.3, 1.4 Hz, 1H, H-6''), 7.94 
(t, J = 8.0 Hz, 1H, H-5''), 7.68–7.60 (m, 3H, H-3', H-5' and H-4'''), 7.60–7.55 (m, 2H, H-3''', H-
5'''), 7.47 (dt, J = 7.0, 1.4 Hz, 2H, H-2''', H-6'''), 2.48 (s, 3H, CH3). 
13C NMR (126 MHz, DMSO-d6) δ 143.8 (C-4), 142.8 (C-4'), 134.4 (C-1''), 132.4 (C-1'), 131.8 
(C-5''), 131.7 (C-4'''), 131.0 (C-3', C-5'), 130.55 (C-6''), 130.54 (q, J = 33.2 Hz, C-3''), 129.44 (C-
2''', C-6'''/C-3''', C-5'''), 129.41 (C-2''', C-6'''/C-3''', C-5'''), 129.1 (q, J = 3.3 Hz, C-4''), 127.4 (C-5), 
123.6 (q, J = 3.6 Hz, C-2''), 123.1 (q, J = 272.9 Hz, CF3), 122.1 (C-1'''), 121.4 (C-2', C-6'), 20.9 
(CH3). 
15N NMR (DMSO-d6) δ 255 (N-1), 246 (N-3). 
19F NMR (471 MHz, DMSO-d6) δ –61.45 (CF3), –77.77 (TfO). 
HRMS (ESI+): calcd. for C22H17F3N3+ [M+] 380.1369, found 380.1363. 
1-(4-Methoxyphenyl)-3,4-diphenyl-1H-1,2,3-triazol-3-ium trifluoromethanesulfonate 
(1.3Ah, R1=OMe, R2=R3=H) 
Following the general procedure employing 1-(4-methoxyphenyl)-4-phenyl-1H-1,2,3-triazole 
(1.1Ac, 50 mg) and mesityl(phenyl)iodonium trifluoromethanesulfonate (1.2b, 170 mg). Off-
white solid (91 mg, 0.191 mmol, 95%). 
Mp 89–91 °C. 
IR 3096, 1606, 1594, 1570, 1515, 1492, 1459, 1440, 1250, 1153, 1027, 832, 762, 690, 635 cm–1. 
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1H NMR (500 MHz, DMSO-d6) δ 9.98 (s, 1H, H-5), 8.14–8.07 (m, 2H, H-2', H-6'), 7.77–7.71 
(m, 3H, H-2'', H-6'' and H-4''), 7.68 (ddd, J = 7.5, 4.6, 1.8 Hz, 2H, H-3'', H-5''), 7.63–7.57 (m, 1H, 
H-4'''), 7.57–7.51 (m, 2H, H-3''', H-5'''), 7.46 (dd, J = 5.3, 3.3 Hz, 2H, H-2''', H-6'''), 7.38–7.31 (m, 
2H, H-3', H-5'), 3.91 (s, 3H, OCH3). 
13C NMR (126 MHz, DMSO-d6) δ 161.8 (C-4'), 143.2 (C-4), 134.0 (C-1''), 132.2 (C-4''), 131.6 
(C-4'''), 130.2 (C-3'', C-5''), 129.33 (H-2''', H-6'''/H-3''', H-5'''), 129.27 (H-2''', H-6'''/H-3''', H-5'''), 
127.8 (C-1'), 127.2 (C-5), 126.3 (C-2'', C-6''), 123.2 (C-2', C-6'), 122.6 (C-1'''), 115.6 (C-3', C-5'), 
56.0 (OCH3). 
15N NMR (51 MHz, DMSO-d6) δ 256 (N-1), 248 (N-3). 
19F NMR (471 MHz, DMSO-d6) δ –77.73 (OTf). 
HRMS (ESI+): calcd. for C21H18N3O+ [M+] 328.1444, found 328.1436. 
1-(4-Nitrophenyl)-3,4-diphenyl-1H-1,2,3-triazol-3-ium trifluoromethanesulfonate (1.3Ai, 
R1=NO2, R2=R3=H) 
Following the general procedure employing 1-(4-nitrophenyl)-4-phenyl-1H-1,2,3-triazole 
(1.1Ad, 53 mg) and mesityl(phenyl)iodonium trifluoromethanesulfonate (1.2b, 170 mg). Off-
white solid (93 mg, 0.189 mmol, 94%). 
Mp 141–145 °C. 
IR 3108, 3082, 1594, 1531, 1488, 1337, 1253, 1224, 1156, 1026, 852, 767, 749, 692, 603 cm–1. 
1H NMR (500 MHz, DMSO-d6) δ 10.23 (s, 1H, H-5), 8.71–8.64 (m, 2H, H-3', H-5'), 8.50–8.44 
(m, 2H, H-2', H-6'), 7.81–7.69 (m, 5H, H-2'', H-6'' and H-3'', H-5'' and H-4''), 7.66–7.60 (m, 1H, 
H-4'''), 7.60–7.54 (m, 2H, H-3''', H-5'''), 7.51–7.44 (m, 2H, H-2''', H-6'''). 
13C NMR (126 MHz, DMSO-d6) δ 149.2 (C-4'), 143.6 (C-4), 138.7 (C-1'), 133.8 (C-1''), 132.5 
(C-4''), 131.8 (C-4'''), 130.3 (C-3'', C-5''), 129.4 (C-3''', C-5'''), 129.2 (C-2''', C-6'''), 128.4 (C-5), 
126.14 (C-3', C-5' and C-2'', C-6''), 126.10 (C-3', C-5' and C-2'', C-6''), 123.1 (C-2', C-6'), 122.2 
(C-1'''). 
15N NMR (51 MHz, DMSO-d6) δ 367 (NO2), 251 (N-1, N-3). 
19F NMR (471 MHz, DMSO-d6) δ –77.76 (OTf). 
HRMS (ESI+): calcd. for C20H15N4O2+ [M+] 343.1190, found 343.1195. 
3-(4-(Dimethylamino)phenyl)-1-(4-nitrophenyl)-4-phenyl-1H-1,2,3-triazol-3-ium 
trifluoromethanesulfonate (1.3Aj, R1=NO2, R2=H, R3=4-NMe2) 
Following the general procedure employing 1-(4-nitrophenyl)-4-phenyl-1H-1,2,3-triazole 
(1.1Ad, 53 mg) and (4-(dimethylamino)phenyl)-(mesityl)iodonium trifluoromethanesulfonate 
(1.2l, 186 mg). Column chromatography on silica (MeOH : dichloromethane = 30:1→10:1, v/v). 
Off-white solid (34 mg, 0.0635 mmol, 32%). 
Mp 115–118 °C. 
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IR 3072, 3044, 1682, 1607, 1595, 1524, 1340, 1190, 993, 854, 819, 764, 748, 718, 687, 638 cm–
1. 
1H NMR (500 MHz, DMSO-d6) δ 10.13 (s, 1H, H-5), 8.70–8.58 (m, 2H, H-3', H-5'), 8.43 (d, J 
= 9.1 Hz, 2H, H-2', H-6'), 7.68–7.55 (m, 3H, H-3''', H-5''' and H-4'''), 7.49 (dd, J = 8.1, 1.6 Hz, 
2H, H-2''', H-6'''), 7.47–7.42 (m, 2H, H-2'', H-6''), 6.85 (d, J = 9.2 Hz, 2H, H-3'', H-5''), 3.01 (s, 
6H, NMe2). 
13C NMR (126 MHz, DMSO-d6) δ 152.0 (C-4''), 149.0 (C-4'), 142.9 (C-4), 138.8 (C-1'), 131.6 
(C-4'''), 129.4 (C-3''', C-5'''), 129.2 (C-2''', C-6'''), 128.2 (C-5), 126.5 (C-2'', C-6''), 126.1 (C-3', C-
5'), 123.0 (C-2', C-6'), 122.8 (C-1'''), 121.3 (C-1''), 111.7 (C-3'', C-5''), 39.8 (NMe2). 
15N NMR (51 MHz, DMSO-d6) δ 368 (NO2), 253 (N-3), 249 (N-1), 56 (NMe2). 
19F NMR (471 MHz, DMSO-d6) δ –77.76 (OTf). 
HRMS (ESI+): calcd. for C22H20N5O2+ [M+] 386.1612, found 386.1604. 
3-(4-Methoxyphenyl)-1-(4-nitrophenyl)-4-phenyl-1H-1,2,3-triazol-3-ium tetrafluoroborate 
(1.3Ak, R1=NO2, R2=H, R3=4-OMe) 
Following the general procedure employing 1-(4-nitrophenyl)-4-phenyl-1H-1,2,3-triazole 
(1.1Ad, 53 mg) and bis(4-methoxyphenyl)iodonium tetrafluoroborate (1.2j, 154 mg). Off-white 
solid (86 mg, 0.185 mmol, 93%). 
Mp 232–236 °C. 
IR 3083, 1594, 1529, 1511, 1305, 1218, 1054, 1019, 845, 770, 749, 710, 697 cm–1. 
1H NMR (500 MHz, DMSO-d6) δ 10.18 (s, 1H, H-5), 8.66 (d, J = 9.1 Hz, 2H, H-3', H-5'), 8.45 
(d, J = 9.1 Hz, 2H, H-2', H-6'), 7.66 (d, J = 9.0 Hz, 2H, H-2'', H-6''), 7.65–7.55 (m, 3H, H-3''', H-
5''' and H-4'''), 7.48 (d, J = 7.1 Hz, 2H, H-2''', H-6'''), 7.22 (d, J = 9.0 Hz, 2H, H-3'', H-5''), 3.86 (s, 
3H, OCH3). 
13C NMR (126 MHz, DMSO-d6) δ 161.8 (C-4''), 149.2 (C-4'), 143.5 (C-4), 138.7 (C-1'), 131.7 
(C-4'''), 129.5 (C-3''', C-5'''), 129.2 (C-2''', C-6'''), 128.2 (C-5), 127.7 (C-2'', C-6''), 126.3 (C-1''), 
126.1 (C-3', C-5'), 123.1 (C-2', C-6'), 122.4 (C-1'''), 115.3 (C-3'', C-5''), 55.9 (OCH3). 
15N NMR (51 MHz, DMSO-d6) δ 368 (NO2), 250 (N-1, N-3). 
19F NMR (471 MHz, DMSO-d6) δ –148.26 (d, J = 26 Hz, BF4). 
HRMS (ESI+): calcd. for C21H17N4O3+ [M+] 373.1295, found 373.1301. 
1-(4-Nitrophenyl)-4-phenyl-3-(p-tolyl)-1H-1,2,3-triazol-3-ium trifluoromethanesulfonate 
(1.3Al, R1=NO2, R2=H, R3=4-CH3) 
Following the general procedure employing 1-(4-nitrophenyl)-4-phenyl-1H-1,2,3-triazole 
(1.1Ad, 53 mg) and mesityl(p-tolyl)iodonium trifluoromethanesulfonate (1.2i, 175 mg). Off-
white solid (99 mg, 0.195 mmol, 98%). 
Mp 176–178 °C. 
IR 3084, 1596, 1527, 1492, 1341, 1261, 1224, 1152, 1028, 853, 823, 762, 750, 689, 635 cm–1. 
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1H NMR (500 MHz, DMSO-d6) δ 10.20 (s, 1H, H-5), 8.71–8.62 (m, 2H, H-3', H-5'), 8.48–8.42 
(m, 2H, H-2', H-6'), 7.67–7.60 (m, 3H, H-3'', H-6'' and H-4'''), 7.60–7.55 (m, 2H, H-3''', H-5'''), 
7.50 (d, J = 8.3 Hz, 2H, H-3'', H-5''), 7.49–7.44 (m, 2H, H-2''', H-6'''), 2.43 (s, 3H, CH3). 
13C NMR (126 MHz, DMSO-d6) δ 149.2 (C-4') 143.5 (C-4), 142.7 (C-4''), 138.7 (C-1'), 131.7 
(C-1''), 131.3 (C-4'''), 130.6 (C-3'', C-5''), 129.44 (C-3''', C-5'''), 129.21 (C-2''', C-6'''), 128.4 (C-
5), 126.1 (C-3', C-5'), 125.8 (c-2'', C-6''), 123.1 (C-2', C-6'), 122.3 (C-1'''), 20.9 (CH3). 
15N NMR (51 MHz, DMSO-d6) δ 368 (NO2), 252 (N-1), 250 (N-3). 
19F NMR (471 MHz, CDCl3) δ –73.01 (OTf). 
HRMS (ESI+): calcd. for C21H17N4O2+ [M+] 357.1346, found 357.1340. 
1,3-bis(4-Nitrophenyl)-4-phenyl-1H-1,2,3-triazol-3-ium trifluoromethanesulfonate (1.3Am, 
R1=NO2, R2=H, R3=4-NO2) 
Following the general procedure employing 1-(4-nitrophenyl)-4-phenyl-1H-1,2,3-triazole 
(1.1Ad, 53 mg) and mesityl(4-nitrophenyl)iodonium trifluoromethanesulfonate (1.2k, 186 mg). 
Off-white solid (102 mg, 0.190 mmol, 95%). 
Mp 181–186 °C. 
IR 3087, 1595, 1529, 1491, 1348, 1337, 1256, 1154, 1029, 853, 748, 694, 682, 637 cm–1. 
1H NMR (500 MHz, DMSO-d6) δ 10.27 (s, 1H, H-5), 8.72–8.66 (m, 2H, H-3', H-5'), 8.58–8.53 
(m, 2H, H-3'', H-5''), 8.52–8.45 (m, 2H, H-2', H-6'), 8.06–8.01 (m, 2H, H-2'', H-6''), 7.69–7.63 
(m, 1H, H-4'''), 7.63–7.57 (m, 2H, H-3''', H-5'''), 7.50 (dd, J = 5.3, 3.4 Hz, 2H, H-2''', H-6'''). 
13C NMR (126 MHz, DMSO-d6) δ 149.5 (C-4'), 149.4 (C-4''), 144.0 (C-4), 138.5 (C-1'), 138.1 
(C-1''), 132.1 (C-4'''), 129.7 (C-3''', C-5'''), 129.4 (C-2''', C-6'''), 128.7 (C-5), 128.0 (C-2'', C-6''), 
126.2 (C-3', C-5'), 125.7 (C-3'', C-5''), 123.2 (C-2', C-6'), 121.8 (C-1'''). 
15N NMR (51 MHz, DMSO-d6) δ 368 (NO2' and NO2''), 252 (N-1), 248 (N-3). 
19F NMR (471 MHz, CDCl3) δ –73.02 (OTf). 
HRMS (ESI+): calcd. for C20H14N5O4+ [M+] 388.1040, found 388.1032. 
1,3-bis(4-Methoxyphenyl)-4-(4-nitrophenyl)-1H-1,2,3-triazol-3-ium tetrafluoroborate 
(1.3An, R1=OMe, R2=NO2, R3=4-OMe) 
Following the general procedure employing 1-(4-methoxyphenyl)-4-(4-nitrophenyl)-1H-1,2,3-
triazole (1e, 59 mg) and bis(4-methoxyphenyl)iodonium tetrafluoroborate (1.2j, 154 mg). Off-
white solid (86 mg, 0.175 mmol, 88%). 
Mp 253–257 °C. 
IR 3117, 2940, 2844, 1604, 1509, 1466, 1347, 1262, 1176, 1084, 1055, 837, 691, 652, 638 cm–1. 
1H NMR (500 MHz, DMSO-d6) δ 10.09 (s, 1H, H-5), 8.50–8.35 (m, 2H, H-3''', H-5'''), 8.14–8.06 
(m, 2H, H-2', H-6'), 7.76–7.71 (m, 2H, H-2''', H-6'''), 7.69–7.63 (m, 2H, H-2'', H-6''), 7.37–7.32 
(m, 2H, H-3', H-5'), 7.24–7.17 (m, 2H, H-3'', H-5''), 3.91 (s, 3H, OCH3'), 3.85 (s, 3H, OCH3''). 
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13C NMR (126 MHz, DMSO-d6) δ 161.87 (C-4'), 161.77 (C-4''), 149.0 (C-4'''), 141.3 (C-4), 131.0 
(C-2''', C-6'''), 128.8 (C-1'''), 128.1 (C-5), 127.77 (C-2'', C-6''), 127.70 (C-1'), 126.1 (C-1''), 124.5 
(C-3''', C-5'''), 123.2 (C-2', C-6'), 115.7 (C-3', C-5'), 115.4 (C-3'', C-5''), 56.06 (OCH3'), 55.92 
(OCH3''). 
15N NMR (51 MHz, DMSO-d6) δ 369 (NO2), 254 (N-1), 249 (N-3). 
19F NMR (471 MHz, DMSO-d6) δ –148.25 (d, J = 26 Hz, BF4). 
HRMS (ESI+): calcd. for C22H19N4O4+ [M + H]+ 403.1401, found 403.1388. 
3,4-bis(4-Methoxyphenyl)-1-(4-nitrophenyl)-1H-1,2,3-triazol-3-ium tetrafluoroborate 
(1.3Ao, R1=NO2, R2=OMe, R3=4-OMe) 
Following the general procedure employing 4-(4-methoxyphenyl)-1-(4-nitrophenyl)-1H-1,2,3-
triazole (1.1Af, 59 mg) and bis(4-methoxyphenyl)iodonium tetrafluoroborate (1.2j, 154 mg). Off-
white solid (88 mg, 0.179 mmol, 89%). 
Mp 219–222 °C. 
IR 3140, 2922, 2849, 1612, 1531, 1507, 1350, 1255, 1187, 1060, 1013, 845, 748, 636 cm–1. 
1H NMR (500 MHz, DMSO-d6) δ 10.14 (s, 1H, H-5), 8.65 (d, J = 9.2 Hz, 2H, H-3', H-5'), 8.44 
(d, J = 9.1 Hz, 2H, H-2', H-6'), 7.76–7.60 (m, 2H, H-2'', H-6''), 7.40 (d, J = 8.8 Hz, 2H, H-2''', H-
6'''), 7.29–7.20 (m, 2H, H-3'', H-5''), 7.13 (d, J = 8.9 Hz, 2H, H-3''', H-5'''), 3.87 (s, 3H, OCH3''), 
3.81 (s, 3H, OCH3''). 
13C NMR (126 MHz, DMSO-d6) δ 161.75 (C-4''), 161.66 (C-4'''), 149.2 (C-4'), 143.6 (C-4), 138.8 
(C-1'), 130.8 (C-2''', C-6'''), 127.7 (C-2'', C-6''), 127.6 (C-5), 126.5 (C-1''), 126.1 (C-3', C-5'), 123.0 
(C-2', C-6'), 115.4 (C-3'', C-5''), 115.0 (C-3''', C-5'''), 114.3 (C-1'''), 55.9 (OCH3''), 55.60 (OCH3'''). 
15N NMR (51 MHz, DMSO-d6) δ 367 (NO2), 250 (N-1, N-3). 
19F NMR (471 MHz, DMSO-d6) δ –148.26 (d, J = 26 Hz, BF4). 
HRMS (ESI+): calcd. for C22H19N4O4+ [M+] 403.1401, found 403.1386. 
5.2.4.2 Triazolium salts 1.3B 
 
3-Phenyl-4-(pyridin-2-yl)-1-(p-tolyl)-1H-1,2,3-triazol-3-ium trifluoromethanesulfonate 
(1.3Ba, R1=4-CH3-C6H4, R3=Ph). 
Following the general procedure employing 2-(1-(p-tolyl)-1H-1,2,3-triazol-4-yl)pyridine (1.1Ba, 
47 mg) and phenyl(mesityl)iodonium trifluoromethanesulfonate (1.2b, 170 mg). Off-white solid 
(65 mg, 0.138 mmol, 69%). 
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1H NMR (500 MHz, DMSO-d6) δ 10.24 (s, 1H), 8.64 (ddd, J = 4.8, 1.7, 0.9 Hz, 1H), 8.10–8.05 
(m, 3H), 7.79–7.67 (m, 6H), 7.65–7.58 (m, 3H), 2.48 (s, 3H). The spectrum is consistent with 1H 
NMR spectrum of 1.3Ba(BF4) (see below). 
For detailed characterization and analyses, 1.3Ba(BF4) was prepared according to the general 
procedure, employing 2-(1-(p-tolyl)-1H-1,2,3-triazol-4-yl)pyridine (1.1Ba, 47 mg) and 
diphenyliodonium tetrafluoroborate (1.2a, 132 mg) to afford 3-phenyl-4-(pyridin-2-yl)-1-(p-
tolyl)-1H-1,2,3-triazol-3-ium tetrafluoroborate (1.3Ba(BF4)) after isolation as a white solid (41 
mg, 0.102 mmol, 51%). 
Mp 205–208 °C. 
IR 3118, 1492, 1471, 1443, 1340, 1218, 1048, 1037, 815, 774, 740, 693 cm–1. 
1H NMR (500 MHz, DMSO-d6) δ 10.24 (s, 1H, H-5), 8.64 (ddd, J = 4.8, 1.7, 0.9 Hz, 1H, H-6'''), 
8.10–8.05 (m, 3H, H-4''' and H-2', H-6'), 7.79–7.67 (m, 6H, H-2'', H-6'' and H-4''' and H-3'', H-5'' 
and H-3'''), 7.65–7.58 (m, 3H, H-3', H-5' and H-5'''), 2.48 (s, 3H, CH3). 
13C NMR (126 MHz, DMSO-d6) δ 150.4 (C-6'''), 142.6 (C-4'), 142.3 (C-2'''), 142.0 (C-4), 138.1 
(C-4'''), 134.9 (C-1''), 132.5 (C-1'), 132.1 (C-4''), 130.9 (C-3', C-5'), 129.9 (C-3'', C-5''), 128.3 (C-
5), 126.20 (C-5'''), 126.15 (C-2'', C-6''), 124.9 (C-3'''), 121.5 (C-2', C-6'), 20.9 (CH3). 
15N NMR (51 MHz, DMSO-d6) δ 314 (N-1'''), 254 (N-1), 248 (N-3). 
19F NMR (471 MHz, DMSO-d6) δ –148.29 (d, J = 27 Hz, BF4). 
HRMS (ESI+): calcd. for C20H17N4+ [M+] 313.1448, found 313.1451. 
1,3-Diphenyl-4-(pyridin-2-yl)-1H-1,2,3-triazol-3-ium trifluoromethanesulfonate (1.3Bb, 
R1=R3=Ph) 
Following the general procedure employing 2-(1-phenyl-1H-1,2,3-triazol-4-yl)pyridine (1.1Bb, 
44 mg) and mesityl(phenyl)iodonium trifluoromethanesulfonate (1.2b, 170 mg). Off-white solid 
(57 mg, 0.126 mmol, 63%). 
Mp 103–107 °C. 
IR 3083, 1572, 1495, 1461, 1257, 1224, 1149, 1030, 1004, 762, 685 cm–1. 
1H NMR (500 MHz, DMSO-d6) δ 10.29 (s, 1H, H-5'), 8.64 (ddd, J = 4.8, 1.7, 0.9 Hz, 1H, H-6'''), 
8.21–8.16 (m, 2H, H-2', H-6'), 8.08 (td, J = 7.8, 1.7 Hz, 1H, H-4'''), 7.85–7.80 (m, 3H, H-3', H-5' 
and H-4'), 7.79–7.67 (m, 6H, 3H, H-2'', H-6'' and H-4'' and H-3'', H-5'' and H-3'''), 7.61 (ddd, J = 
7.7, 4.8, 1.1 Hz, 1H, H-5'''). 
13C NMR (126 MHz, DMSO-d6) δ 150.4 (C-6'''), 142.3 (C-2'''), 142.1 (C-4), 138.1 (C-4'''), 134.84 
(C-1'/C-1''), 134.79 (C-1'/C-1''), 132.3 (C-4'), 132.1 (C-4''), 130.6 (C-3', C-5'), 130.0 (C-3'', C-5''), 
128.6 (C-5), 126.2 (C-5'''), 126.1 (C-2'', C-6''), 124.9 (C-3'''), 121.8 (C-2', C-6'). 
15N NMR (51 MHz, DMSO-d6) δ 314 (N-1'''), 254 (N-1), 249 (N-3). 
19F NMR (471 MHz, DMSO-d6) δ –77.76 (OTf). 
HRMS (ESI+): calcd. for C19H15N4+ [M+] 299.1291, found 299.1293. 
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3-(4-Methoxyphenyl)-1-phenyl-4-(pyridin-2-yl)-1H-1,2,3-triazol-3-ium tetrafluoroborate 
(1.3Bc, R1=Ph, R3=4-MeO-C6H4). 
Following the general procedure employing 2-(1-phenyl-1H-1,2,3-triazol-4-yl)pyridine (1.1Bb, 
44 mg) and bis(4-methoxyphenyl)iodonium tetrafluoroborate (1.2j, 154 mg). Off-white solid (59 
mg, 0.141 mmol, 70%). 
Mp 84–86 °C. 
IR 3112, 1624, 1603, 1508, 1467, 1306, 1174, 1067, 977, 879, 837, 761, 732 cm–1. 
1H NMR (500 MHz, DMSO-d6) δ 10.24 (s, 1H, H-5), 8.69 (ddd, J = 4.8, 1.7, 0.9 Hz, 1H, H-6'''), 
8.19–8.14 (m, 2H, H-2', H-6'), 8.06 (td, J = 7.8, 1.8 Hz, 1H, H-4'''), 7.85–7.77 (m, 3H, H-3', H-5' 
and H-4'), 7.71–7.68 (m, 2H, H-2'', H-6''), 7.67 (dt, J = 7.9, 1.0 Hz, 1H, H-3'''), 7.62 (ddd, J = 7.7, 
4.8, 1.1 Hz, 1H, H-5'''), 7.25–7.18 (m, 2H, H-3'', H-5''), 3.87 (s, 3H, OCH3). 
13C NMR (126 MHz, DMSO-d6) δ 161.6 (C-4''), 150.5 (C-6'''), 142.4 (C-2'''), 142.1 (C-4), 138.1 
(C-4'''), 134.8 (C-1'), 132.2 (C-4'), 130.6 (C-3', C-5'), 128.5 (C-5), 127.7 (C-2'', C-6''), 127.3 (C-
1''), 126.2 (C-5'''), 124.8 (C-3'''), 121.8 (C-2', C-6'), 115.0 (C-3'', C-5''), 55.9 (OCH3). 
15N NMR (51 MHz, DMSO-d6) δ 314 (N-1'''), 254 (N-1), 248 (N-3). 
19F NMR (471 MHz, DMSO-d6) δ –148.27 (d, J = 25 Hz, BF4). 
HRMS (ESI+): calcd. for C20H17N4O+ [M+] 329.1397, found 329.1394. 
4-(Pyridin-2-yl)-1-(p-tolyl)-3-(4-(trifluoromethyl)phenyl)-1H-1,2,3-triazol-3-ium 
trifluoromethanesulfonate (1.3Bd, R1=4-CH3-C6H4, R3=4-CF3-C6H4) 
Following the general procedure employing 2-(1-(p-tolyl)-1H-1,2,3-triazol-4-yl)pyridine (1.1Ba, 
47 mg) and mesityl(4-(trifluoromethyl)phenyl)iodonium trifluoromethanesulfonate (1.2h, 194 
mg). Off-white solid (68 mg, 0.126 mmol, 63%). 
Mp 87–90 °C. 
IR 2925, 1685, 1593, 1397, 1322, 1237, 1163, 1129, 1065, 1025, 1002, 823, 772, 636 cm–1. 
1H NMR (500 MHz, DMSO-d6) δ 10.31 (s, 1H, H-5), 8.59 (d, J = 4.7 Hz, 1H, H-6'''), 8.16–8.04 
(m, 5H, H-4''' and H-2', H-6' and H-3'', H-5''), 8.01 (d, J = 8.3 Hz, 2H, H-2'', H-6''), 7.92 (d, J = 
7.9 Hz, 1H, H-3'''), 7.62 (dd, J = 12.3, 7.8 Hz, 3H, H-5''' and H-3', H-5'), 2.48 (s, 3H, CH3). 
13C NMR (126 MHz, DMSO-d6) δ 150.3 (C-6'''), 142.8 (C-4'), 142.08 (C-4 / C-2'''), 142.05 (C-4 
/ C-2'''), 138.4 (C-4''' / C-1''), 138.3 (C-4''' / C-1''), 132.4 (C-1'), 131.0 (C-3', C-5'), 128.4 (C-5), 
127.5 (C-2'', C-6''), 127.1 (q, J = 4.0 Hz, 2d, C-3'', C-5''), 126.4 (C-5'''), 125.1 (C-3'''), 121.5 (C-
2', C-6'), 20.9 (CH3). Quartet signals for C-4'' and CF3 carbon atom could not be located in the 
spectrum. 
15N NMR (51 MHz, DMSO-d6) δ 314 (N-1'''), 256 (N-1), 245 (N-3). 
19F NMR (471 MHz, DMSO-d6) δ 61.33 (CF3), –77.78 (OTf). 
HRMS (ESI+): calcd. for C21H16F3N4+ [M+] 381.1322, found 381.1326. 
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3-(4-Methoxyphenyl)-4-(pyridin-2-yl)-1-(p-tolyl)-1H-1,2,3-triazol-3-ium tetrafluoroborate 
(1.3Be, R1=4-CH3-C6H4, R3=4-MeO-C6H4) 
Following the general procedure employing 2-(1-(p-tolyl)-1H-1,2,3-triazol-4-yl)pyridine (1.1Ba, 
47 mg) and bis(4-methoxyphenyl)iodonium tetrafluoroborate (1.2j, 154 mg). Off-white solid (52 
mg, 0.119 mmol, 59%). 
Mp 75–79 °C. 
IR 2923, 2852, 1605, 1509, 1484, 1306, 1175, 1018, 836, 818, 783 cm–1. 
1H NMR (500 MHz, DMSO-d6) δ 10.20 (s, 1H, H-5), 8.69 (dt, J = 4.8, 1.4 Hz, 1H, H-6'''), 8.06 
(dq, J = 7.7, 2.2, 1.7 Hz, 3H, H-2', H-6' and H-4'''), 7.69 (d, J = 9.0 Hz, 2H, H-2'', H-6''), 7.65 (dt, 
J = 7.9, 1.1 Hz, 1H, H-3'''), 7.64–7.59 (m, 3H, H-3', H-5' and H-5'''), 7.24–7.18 (m, 2H, H-3'', H-
5''), 3.87 (s, 3H, OCH3), 2.47 (s, 3H, CH3). 
13C NMR (126 MHz, DMSO-d6) δ 161.6 (C-4''), 150.4 (C-6'''), 142.47 (C-2'''/C-4'), 142.45 (C-
2'''/C-4'), 142.1 (C-4), 138.1 (C-4'''), 132.5 (C-1'), 130.9 (C-3', C-5'), 128.2 (C-5), 127.7 (C-2'', C-
6''), 127.3 (C-1''), 126.1 (C-5'''), 124.7 (C-3'''), 121.5 (C-2', C-6'), 115.0 (C-3'', C-5''), 55.9 (OCH3), 
20.9 (CH3). 
15N NMR (51 MHz, DMSO-d6) δ 314 (N-1'''), 254 (N-1), 248 (N-3). 
19F NMR (471 MHz, DMSO-d6) δ –148.27 (d, J = 27 Hz, BF4). 
HRMS (ESI+): calcd. for C21H19N4O+ [M+] 343.1553, found 343.1556. 
3-(4-Chlorophenyl)-4-(pyridin-2-yl)-1-(p-tolyl)-1H-1,2,3-triazol-3-ium 
trifluoromethanesulfonate (1.3Bf, R1=4-CH3-C6H4, R3=4-Cl-C6H4) 
Following the general procedure employing 2-(1-(p-tolyl)-1H-1,2,3-triazol-4-yl)pyridine (1.1Ba, 
47 mg) and (4-chlorophenyl)(mesityl)iodonium trifluoromethanesulfonate (1.2n, 182 mg). Brown 
solid (43 mg, 0.087 mmol, 44%). 
Mp 64–67 °C. 
IR 3080, 1572, 1467, 1444, 1254, 1223, 1150, 1091, 1028, 1001, 818 cm–1. 
1H NMR (500 MHz, DMSO-d6) δ 10.27 (s, 1H, H-5), 8.63 (d, J = 4.6 Hz, 4.4H, H-6'''), 8.11 (td, 
J = 7.8, 1.8 Hz, 1H, H-4'''), 8.06 (d, J = 1.9 Hz, 2H, H-2', H-6'), 7.86–7.77 (m, 5H, H-3''', H-2'', 
H-3'', H-5'', H-6''), 7.66–7.59 (m, 3H, H-5''', H-3', H-5'), 2.48 (s, 3H, CH3). 
13C NMR (126 MHz, DMSO-d6) δ 150.3 (C-6'''), 142.7 (C-4'), 142.2 (C-4), 142.1 (C-2'''), 138.2 
(C-4'''), 136.7 (C-1''/C-4''), 133.8 (C-1''/C-4''), 132.4 (C-1'), 130.9 (C-3', C-5'), 129.9 (C-2'', C-
6''/C-3'', C-5''), 128.3 (C-5), 128.1 (C-2'', C-6''/C-3'', C-5''), 126.3 (C-5'''), 124.9 (C-3'''), 121.5 (C-
2', C-6'), 20.9 (CH3). 
15N NMR (DMSO-d6) δ 313 (N-1'''), 255 (N-1), 246 (N-3). 
19F NMR (471 MHz, DMSO-d6) δ –77.77 (TfO). 
HRMS (ESI+): calcd. for C20H16ClN4+ [M+] 347.1058, found 347.1055. 
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3-Mesityl-4-(pyridin-2-yl)-1-(p-tolyl)-1H-1,2,3-triazol-3-ium trifluoromethanesulfonate 
(1.3Bh, R1=4-CH3-C6H4, R3=Mes) 
Following the general procedure employing 2-(1-(p-tolyl)-1H-1,2,3-triazol-4-yl)pyridine (1.1Ba, 
47 mg) and dimesityliodonium trifluoromethanesulfonate (1.2p, 185 mg). Brown solid (17 mg, 
0.034 mmol, 17%). 
Mp 67–69 °C. 
IR 1573, 1513, 1254, 1222, 1149, 1028, 1001, 818, 785 cm–1. 
1H NMR (500 MHz, DMSO-d6) δ 10.43 (s, 1H, H-5), 8.59 (ddd, J = 4.8, 1.8, 1.0 Hz, 1H, H-6'''), 
8.12–8.05 (m, 3H, H-4''', H-2', H-6'), 7.75 (dt, J = 7.8, 1.1 Hz, 1H, H-3'''), 7.64–7.56 (m, 3H, H-
5''', H-3', H-5'), 7.19 (s, 2H, H-3'', H-5''), 2.47 (s, 3H, CH3-4'), 2.37 (s, 3H, CH3-4''), 2.01 (s, 6H, 
CH3-2'', CH3-6''). 
13C NMR (126 MHz, DMSO-d6) δ 150.6 (C-6'''), 142.5 (C-4'), 142.13 (C-4/C-2'''), 142.08 (C-
4/C-2'''), 141.8 (C-4''), 138.3 (C-4'''), 134.7 (C-2'', C-6''), 132.7 (C-1'), 131.1 (C-1''), 130.6 (C-3', 
C-5'), 129.5 (C-3'', C-5''), 129.0 (C-5), 126.3 (C-5'''), 123.7 (C-3'''), 121.6 (C-2', C-6'), 20.82 (CH3-
4'/CH3-4''), 20.76 (CH3-4'/CH3-4''), 16.9 (CH3-2'', CH3-6''). 
15N NMR (DMSO-d6) δ 311 (N-1'''), 257 (N-1), 243 (N-3). 
19F NMR (471 MHz, DMSO-d6) δ –77.77 (TfO). 
HRMS (ESI+): calcd. for C23H23N4+ [M+] 355.1917, found 355.1915. 
1-(4-Methoxyphenyl)-3-phenyl-4-(pyridin-2-yl)-1H-1,2,3-triazol-3-ium 
trifluoromethanesulfonate (1.3Bi, R1=4-MeO-C6H4, R3=Ph) 
Following the general procedure employing 2-(1-(4-methoxyphenyl)-1H-1,2,3-triazol-4-
yl)pyridine (1.1Bc, 50 mg) and mesityl(phenyl)iodonium trifluoromethanesulfonate (1.2b, 170 
mg). Off-white solid (57 mg, 0.119 mmol, 60%). 
Mp 96–99 °C. 
IR 1606, 1593, 1243, 1223, 1157, 1025, 836, 768 cm–1. 
1H NMR (500 MHz, DMSO-d6) δ 10.19 (s, 1H, H-5), 8.64 (ddd, J = 4.9, 1.8, 1.0 Hz, 1H, H-6'''), 
8.14–8.09 (m, 2H, H-2', H-6'), 8.07 (td, J = 7.8, 1.8 Hz, 1H, H-4'''), 7.77–7.73 (m, 3H, H-2''', H-
6''' and H-4'''), 7.72–7.66 (m, 3H, H-3''' and H-3'', H-5''), 7.60 (ddd, J = 7.7, 4.8, 1.1 Hz, 1H, H-
5'''), 7.36–7.31 (m, 2H, H-3', H-5'), 3.91 (s, 3H, OCH3). 
13C NMR (126 MHz, DMSO-d6) δ 161.8 (C-4'), 150.4 (C-6'''), 142.4 (C-2'''), 141.9 (C-4), 138.1 
(C-4'''), 134.8 (C-1''), 132.0 (C-4''), 129.9 (C-3'', C-5''), 128.2 (C-5), 127.8 (C-1'), 126.18 (C-5'''), 
126.15 (C-2'', C-6''), 124.8 (C-3'''), 123.4 (C-2', C-6'), 115.6 (C-3', C-5'), 56.0 (OCH3). 
15N NMR (51 MHz, DMSO-d6) δ 314 (N-1'''), 256 (N-1), 245 (N-3). 
19F NMR (471 MHz, DMSO-d6) δ –77.76 (OTf). 
HRMS (ESI+): calcd. for C20H17N4O+ [M+] 329.1397, found 329.1399. 
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1,3-bis(4-Methoxyphenyl)-4-(pyridin-2-yl)-1H-1,2,3-triazol-3-ium tetrafluoroborate (1.3Bj, 
R1=R3=4-MeO-C6H4) 
Following the general procedure employing 2-(1-(4-methoxyphenyl)-1H-1,2,3-triazol-4-
yl)pyridine (1.1Bc, 50 mg) and bis(4-methoxyphenyl)iodonium tetrafluoroborate (1.2j, 154 mg). 
Off-white solid (64 mg, 0.127 mmol, 64%). 
Mp 218–225 °C. 
IR 1605, 1509, 1466, 1439, 1307, 1257, 1174, 1111, 1022, 828 cm–1. 
1H NMR (500 MHz, DMSO-d6) δ 10.15 (s, 1H, H-5), 8.69 (ddd, J = 4.8, 1.8, 1.0 Hz, 1H, H-6'''), 
8.13–8.08 (m, 2H, H-2', H-6'), 8.06 (td, J = 7.8, 1.7 Hz, 1H, H-4'''), 7.71–7.66 (m, 2H, H-2'', H-
6''), 7.64 (dt, J = 7.8, 1.1 Hz, 1H, H-3'''), 7.61 (ddd, J = 7.7, 4.8, 1.1 Hz, 1H, H-5'''), 7.36–7.31 (m, 
2H, H-3', H-5'), 7.24–7.19 (m, 2H, H-3'', H-5''), 3.91 (s, 3H, OCH3'), 3.87 (s, 3H, OCH3''). 
13C NMR (126 MHz, DMSO-d6) δ 161.8 (C-4'), 161.5 (C-4''), 150.4 (C-6'''), 142.5 (C-2'''), 142.0 
(C-4), 138.0 (C-4'''), 128.1 (C-5), 127.79 (C-1'), 127.66 (C-2'', C-6''), 127.3 (C-1''), 126.1 (C-5'''), 
124.7 (C-3'''), 123.4 (C-2', C-6'), 115.5 (C-3', C-5'), 115.0 (C-3'', C-5''), 56.0 (OCH3'), 55.9 
(OCH3''). 
15N NMR (51 MHz, DMSO-d6) δ 314 (N-1'''), 254 (N-1), 247 (N-3). 
19F NMR (471 MHz, DMSO-d6) δ –148.48 (d, J = 25 Hz, BF4). 
HRMS (ESI+): calcd. for C21H19N4O2+ [M+] 359.1503, found 359.1494. 
1-(4-Nitrophenyl)-4-(pyridin-2-yl)-3-(p-tolyl)-1H-1,2,3-triazol-3-ium 
trifluoromethanesulfonate (1.3Bk, R1=4-NO2-C6H4, R3=4-CH3-C6H4) 
Following the general procedure employing 2-(1-(4-nitrophenyl)-1H-1,2,3-triazol-4-yl)pyridine 
(1.1Bd, 53 mg) and mesityl(p-tolyl)iodonium trifluoromethanesulfonate (1.2i, 175 mg). Off-
white solid (61 mg, 0.121 mmol, 60%). 
Mp 122–124 °C. 
IR 3058, 1237, 1221, 1151, 1026, 853, 751 cm–1. 
1H NMR (500 MHz, DMSO-d6) δ 10.42 (s, 1H, H-5), 8.69 (ddd, J = 4.9, 1.7, 1.0 Hz, 1H, H-6'''), 
8.68–8.64 (m, 2H, H-3', H-5'), 8.49–8.44 (m, 2H, H-2', H-6'), 8.09 (td, J = 7.8, 1.8 Hz, 1H, H-
4'''), 7.70 (dt, J = 7.9, 1.0 Hz, 1H, H-3'''), 7.67–7.61 (m, 3H, H-5''' and H-2'', H-6''), 7.51 (d, J = 
8.3 Hz, 2H, H-3'', H-5''), 2.45 (s, 3H, CH3). 
13C NMR (126 MHz, DMSO-d6) δ 150.5 (C-6'''), 149.2 (C-4'), 142.5 (C-4''), 142.21 (C-4), 142.16 
(C-2'''), 138.8 (C-1'), 138.2 (C-4'''), 132.2 (C-1''), 130.4 (C-3'', C-5''), 129.5 (C-5), 126.4 (C-5'''), 
126.0 (C-3', C-5'), 125.8 (C-2'', C-6''), 124.9 (C-3'''), 123.3 (C-2', C-6'), 21.0 (CH3). 
15N NMR (51 MHz, DMSO-d6) δ 367 (NO2), 314 (N-1'''), 250 (N-1, N-3). 
19F NMR (471 MHz, DMSO-d6) δ –77.77 (OTf). 
HRMS (ESI+): calcd. for C20H16N5O2+ [M + H]+ 358.1304, found 358.1303.  
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A side product was also isolated in pure form from column, which was identified as 2-(1-(4-
nitrophenyl)-1H-1,2,3-triazol-4-yl)-1-(p-tolyl)pyridine-1-ium trifluoromethanesulfonate (1.3Bk', 
7 mg, 7%): 
 
1H NMR (500 MHz, DMSO-d6) δ 9.18 (dd, J = 6.2, 1.4 Hz, 1H, H-6''), 8.88 (td, J = 8.0, 1.4 Hz, 
1H, H-4''), 8.69 (dd, J = 8.2, 1.4 Hz, 1H, H-3''), 8.64 (s, 1H, H-5), 8.49–8.43 (m, 2H, H-3', H-5'), 
8.27 (ddd, J = 7.7, 6.1, 1.5 Hz, 1H, H-5''), 8.08–8.01 (m, 2H, H-2', H-6'), 7.62–7.56 (m, 2H, H-
2''', H-6'''), 7.45 (d, J = 8.2 Hz, 2H, H-3''', H-5'''), 2.42 (s, 3H, CH3). 
13C NMR (126 MHz, DMSO-d6) δ 148.1 (C-6''), 147.7 (C-4'), 147.4 (C-4''), 144.9 (C-2''), 141.7 
(C-4'''), 140.1 (C-4), 140.0 (C-1'), 139.7 (C-1'''), 130.7 (C-3''', C-5'''), 129.1 (C-3''), 127.4 (C-5''), 
126.5 (C-5), 126.1 (C-2''', C-6'''), 126.0 (C-5', C-3'), 121.6 (C-2', C-6'), 21.1 (CH3). 
15N NMR (51 MHz, DMSO-d6) δ 368 (NO2), 359 (N-3), 255 (N-1), 210 (N-1''). 
3-(4-Methoxyphenyl)-1-(4-nitrophenyl)-4-(pyridin-2-yl)-1H-1,2,3-triazol-3-ium 
tetrafluoroborate (1.3Bl, R1=4-NO2-C6H4, R3=4-MeO-C6H4) 
Following the general procedure employing 2-(1-(4-nitrophenyl)-1H-1,2,3-triazol-4-yl)pyridine 
(1.1Bd, 53 mg), and bis(4-methoxyphenyl)iodonium tetrafluoroborate (1.2j, 154 mg). Off-white 
solid (54 mg, 0.116 mmol, 58%). 
Mp 211–218 °C. 
IR 3127, 1608, 1511, 1343, 1257, 1055, 1023, 841, 784, 751, 682 cm–1. 
1H NMR (500 MHz, DMSO-d6) δ 10.41 (s, 1H, H-5), 8.71 (ddd, J = 4.8, 1.8, 1.0 Hz, 1H, H-6'''), 
8.67–8.64 (m, 2H, H-3', H-5'), 8.49–8.44 (m, 2H, H-2', H-6'), 8.08 (td, J = 7.8, 1.7 Hz, 1H, H-
4'''), 7.73–7.69 (m, 2H, H-2'', H-6''), 7.67 (dt, J = 7.9, 1.1 Hz, 1H, H-3'''), 7.64 (ddd, J = 7.7, 4.8, 
1.1 Hz, 1H, H-5'''), 7.25–7.21 (m, 2H, H-3'', H-5''), 3.88 (s, 3H, OCH3). 
13C NMR (126 MHz, DMSO-d6) δ 161.7 (C-4''), 150.5 (C-6'''), 149.2 (C-4'), 142.28 (C-4), 142.19 
(C-2'''), 138.7 (C-1'), 138.2 (C-4'''), 129.3 (C-5), 127.6 (C-2'', C-6''), 127.1 (C-1''), 126.3 (C-5'''), 
126.0 (C-3', C-5'), 124.8 (C-3'''), 123.2 (C-2', C-6'), 115.1 (C-3'', C-5''), 55.9 (OCH3). 
15N NMR (51 MHz, DMSO-d6) δ 314 (N-1'''), 254 (N-1), 247 (N-3). 
19F NMR (471 MHz, DMSO-d6) δ –143.49 (d, J = 27 Hz, BF4). 
HRMS (ESI+): calcd. for C20H16N5O3+ [M+] 374.1248, found 374.1239. 
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1-(4-(Dimethylamino)phenyl)-3-phenyl-4-(pyridin-2-yl)-1H-1,2,3-triazol-3-ium 
trifluoromethanesulfonate (1.3Bm, R1=4-NMe2-C6H4, R3=Ph) 
Following the general procedure employing N,N-dimethyl-4-(4-(pyridin-2-yl)-1H-1,2,3-triazol-
1-yl)aniline (1.1Be, 53 mg) and mesityl(phenyl)iodonium trifluoromethanesulfonate (1.2j, 170 
mg). Off-white solid (61 mg, 0.124 mmol, 62%). 
Mp 91–95 °C. 
IR 2923, 1677, 1603, 1522, 1494, 1461, 1439, 1253, 1149, 1027, 816, 770 cm–1. 
1H NMR (500 MHz, DMSO-d6) δ 10.10 (s, 1H, H-5), 8.63 (d, J = 4.4 Hz, 1H, H-6'''), 8.05 (td, J 
= 7.8, 1.4 Hz, 1H, H-4'''), 7.96 (d, J = 9.2 Hz, 2H, H-2', H-6'), 7.78–7.64 (m, J = 19.1, 14.7, 8.0 
Hz, 6H, H-2'', H-6'' and H-4'' and H-3'', H-5'' and H-3'''), 7.59 (dd, J = 7.2, 4.9 Hz, 1H, H-5'''), 
6.97 (d, J = 9.2 Hz, 2H, H-3', H-5'), 3.07 (s, 6H, NMe2). 
13C NMR (126 MHz, DMSO-d6) δ 152.1 (C-4), 150.3 (C-6'''), 142.5 (C-2'''), 141.7 (C-4), 138.0 
(C-4'''), 134.9 (C-1''), 131.9 (C-4''), 129.9 (C-3'', C-5''), 126.9 (C-5), 126.2 (C-2'', C-6''), 126.1 (C-
5'''), 124.8 (C-3'''), 123.0 (C-1'), 122.3 (C-2', C-6'), 112.0 (C-3', C-5'), 39.91 (NMe2). 
15N NMR (51 MHz, DMSO-d6) δ 314 (N-1'''), 256 (N-1), 245 (N-3), 57 (NMe2). 
19F NMR (471 MHz, DMSO-d6) δ –77.76 (OTf). 
HRMS (ESI+): calcd. for C21H20N5+ [M+] 342.1713, found 342.1702. 
1-Ethyl-3-(4-methoxyphenyl)-4-(pyridin-2-yl)-1H-1,2,3-triazol-3-ium tetrafluoroborate 
(1.3Bn, R1=Et, R3=4-MeO-C6H4) 
Following the general procedure employing 2-(1-ethyl-1H-1,2,3-triazol-4-yl)pyridine (1.1Bf, 35 
mg) and bis(4-methoxyphenyl)iodonium tetrafluoroborate (1.2j, 154 mg). Brown solid (55 mg, 
0.13 mmol, 65%). 
Mp 109–111 °C. 
IR 1605, 1512, 1741, 1257, 1179, 1032, 843, 786, 793 cm–1. 
1H NMR (500 MHz, DMSO-d6) δ 9.59 (s, 1H, H-5), 8.66 (dt, J = 4.6, 1.4 Hz, 1H, H-6'''), 8.00 
(td, J = 7.8, 1.7 Hz, 1H, H-4'''), 7.63–7.59 (m, 2H, H-3'', H-5''), 7.57 (ddd, J = 7.8, 4.8, 1.1 Hz, 
1H, H-5'''), 7.50 (dt, J = 8.0, 1.1 Hz, 1H, H-3'''), 7.21–7.15 (m, 2H, H-2'', H-6''), 4.80 (q, J = 7.3 
Hz, 2H, CH2), 3.86 (s, 3H, OCH3), 1.67 (t, J = 7.3 Hz, 3H, CH3). 
13C NMR (126 MHz, DMSO-d6) δ 161.4 (C-4''), 150.4 (C-6'''), 142.6 (C-2'''), 141.5 (C-4), 137.9 
(C-4'''), 129.8 (C-5), 127.6 (C-2'', C-6''), 127.3 (C-1''), 126.0 (C-5'''), 124.4 (C-3'''), 115.0 (C-3'', 
C-5''), 55.8 (OCH3), 49.4 (CH2), 14.0 (CH3). 
15N NMR (DMSO-d6) δ 345 (N-2), 314 (N-1'''), 256 (N-1) 246 (N-3). 
19F NMR (471 MHz, DMSO-d6) δ –148.26 (d, J = 27 Hz, BF4). 
HRMS (ESI+): calcd. for C16H17N4O+ [M+] 281.1397, found 281.1400. 
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5.2.4.3 Triazolium salts 1.3C 
 
3,4-Diphenyl-1-(pyridin-2-ylmethyl)-1H-1,2,3-triazol-3-ium trifluoromethanesulfonate 
(1.3Ca, R1=R2=H) 
Following the general procedure employing 2-((4-phenyl-1H-1,2,3-triazol-1-yl)methyl)pyridine 
(1m, 47 mg) and mesityl(phenyl)iodonium trifluoromethanesulfonate (1.2b, 170 mg). Brown 
greasy product (87 mg, 0.188 mmol, 94%). 
IR 1593, 1491, 1439, 1253, 1223, 1150, 1028, 762, 692, 635 cm–1. 
1H NMR (500 MHz, DMSO-d6) δ 9.53 (s, 1H, H-5), 8.71–8.61 (m, 1H, H-6'), 7.97 (td, J = 7.7, 
1.8 Hz, 1H, H-4'), 7.75–7.69 (m, 2H, H-3' and H-4''), 7.67–7.61 (m, 4H, H-2'', H-6'' and H-3'', H-
5''), 7.58–7.53 (m, 1H, H-4'''), 7.53–7.47 (m, 3H, H-5' and H-3''', H-5'''), 7.44–7.38 (m, J = 5.3, 
3.3 Hz, 2H, H-2''', H-6'''), 6.19 (s, 2H, CH2). 
13C NMR (126 MHz, DMSO-d6) δ 151.7 (C-2'), 149.9 (C-6'), 142.8 (C-4), 137.8 (C-4'), 133.9 
(C-1''), 132.1 (C-4''), 131.4 (C-4'''), 130.1 (C-3'', C-5''), 130.1 (C-3'', C-5''), 129.4 (C-3''', C-5'''), 
129.2 (C-2''', C-6'''), 126.2 (C-2'', C-6''), 124.3 (C-5'), 123.6 (C-3'), 122.5 (C-1'''), 57.8 (CH2). 
15N NMR (51 MHz, DMSO-d6) δ 343 (N-2), 312 (N-1'), 250 (N-1, N-3). 
19F NMR (471 MHz, DMSO-d6) δ –77.76 (OTf). 
HRMS (ESI+): calcd. for C20H17N4+ [M+] 313.1448, found 313.1445. 
3-Phenyl-1-(pyridin-2-ylmethyl)-4-(p-tolyl)-1H-1,2,3-triazol-3-ium 
trifluoromethanesulfonate (1.3Cb, R1=CH3, R2=H) 
Following the general procedure employing 2-((4-(p-tolyl)-1H-1,2,3-triazol-1-yl)methyl)pyridine 
(1.1Cb, 50 mg) and mesityl(phenyl)iodonium trifluoromethanesulfonate (1.2b, 170 mg). Brown 
greasy product (81 mg, 0.196 mmol, 98%). 
IR 1594, 1507, 1439, 1188, 1030, 817, 758, 731 cm–1. 
1H NMR (500 MHz, DMSO-d6) δ 9.48 (s, 1H, H-5), 8.65 (d, J = 4.2 Hz, 1H, H-6'), 7.97 (td, J = 
7.7, 1.8 Hz, 1H, H-4'), 7.76–7.67 (m, 2H, H-3' and H-4''), 7.67–7.61 (m, 4H, H-2'', H-6'' and H-
3'', H-5''), 7.49 (dd, J = 6.8, 4.9 Hz, 1H, H-5'), 7.34–7.24 (m, 4H, H-2''', H-6''' and H-3''', H-5'''), 
6.17 (s, 2H, CH2), 2.32 (s, 3H, CH3). 
13C NMR (126 MHz, DMSO-d6) δ 151.7 (C-2'), 149.9 (C-6'), 142.9 (C-4), 141.6 (C-4'''), 137.8 
(C-4'), 134.0 (C-1''), 132.1 (C-4''), 130.1 (C-3'', C-5''), 129.78 (C-5), 129.76 (C2''', C-6'''/C-3''', C-
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5'''), 129.21 (C2''', C-6'''/C-3''', C-5'''), 126.2 (C-2'', C-6''), 124.3 (C-5'), 123.6 (C-3'), 119.6 (C-2'''), 
57.8 (CH2), 21.0 (CH3). 
15N NMR (51 MHz, DMSO-d6) δ 343 (N-2), 312 (N-1'), 250 (N-1), 249 (N-3). 
19F NMR (471 MHz, DMSO-d6) δ –77.76 (OTf). 
HRMS (ESI+): calcd. for C21H19N4+ [M+] 327.1604, found 327.1604. 
4-(4-Methoxyphenyl)-3-phenyl-1-(pyridin-2-ylmethyl)-1H-1,2,3-triazol-3-ium 
trifluoromethanesulfonate (1.3Cc, R1=OMe, R2=H) 
Following the general procedure employing 2-((4-(4-methoxyphenyl)-1H-1,2,3-triazol-1-
yl)methyl)pyridine (1.1Cc, 53 mg) and mesityl(phenyl)iodonium trifluoromethanesulfonate 
(1.2b, 170 mg). Brown greasy product (91 mg, 0.185 mmol, 92%). 
IR 1678, 1588, 1492, 1440, 1246, 1173, 1027, 833, 753, 691 cm–1. 
1H NMR (500 MHz, DMSO-d6) δ 9.45 (s, 1H, ), 8.71–8.61 (m, 1H), 8.01–7.93 (m, 1H), 7.77–
7.61 (m, 6H), 7.49 (dd, J = 7.6, 4.8 Hz, 1H), 7.33 (d, J = 8.4 Hz, 2H), 7.04 (d, J = 8.4 Hz, 2H), 
6.16 (s, 2H), 3.78 (s, 3H). 
13C NMR (126 MHz, DMSO-d6) δ 161.4 (C-4'''), 151.8 (C-2'), 149.9 (C-6'), 142.8 (C-4), 137.8 
(C-4'), 134.0 (C-1''), 132.1 (C-4''), 131.0 (C-2''', C-6'''), 130.2 (C-3'', C-5''), 129.4 (C-5), 126.2 (C-
2'', C-6''), 124.3 (C-5'), 123.6 (C-3'), 114.7 (C-3''', C-5'''), 114.4 (C-1'''), 57.7 (CH2), 55.5 (OCH3). 
15N NMR (51 MHz, DMSO-d6) δ 342 (N-2), 313 (N-1'), 250 (N-1, N-3). 
19F NMR (471 MHz, DMSO-d6) δ –77.75 (OTf). 
HRMS (ESI+): calcd. for C21H19N4O+ [M+] 343.1553, found 328.1556. 
3,4-bis(4-Methoxyphenyl)-1-(pyridin-2-ylmethyl)-1H-1,2,3-triazol-3-ium tetrafluoroborate 
(1.3Cd, R1=R2=OMe). 
Following the general procedure employing 2-((4-(4-methoxyphenyl)-1H-1,2,3-triazol-1-
yl)methyl)pyridine (1.1Cc, 53 mg) and bis(4-methoxyphenyl)iodonium tetrafluoroborate (1.2j, 
154 mg). Brown solid (84 mg, 0.183 mmol, 92%). 
Mp 92–96 °C. 
IR 3115, 1609, 1506, 1254, 1179, 1014, 834, 716 cm–1. 
1H NMR (500 MHz, DMSO-d6) δ 9.40 (s, 1H, H-5), 8.69–8.60 (m, 1H, H-6'), 7.96 (td, J = 7.7, 
1.8 Hz, 1H, H-4'), 7.71 (d, J = 7.8 Hz, 1H, H-3'), 7.60–7.55 (m, 2H, H-3'', H-6''), 7.48 (ddd, J = 
7.6, 4.8, 1.1 Hz, 1H, H-5'), 7.36–7.31 (m, 2H, H-2''', H-6'''), 7.19–7.13 (m, 2H, H-3'', H-5''), 7.07–
7.02 (m, 2H, H-3''', H-5'''), 6.13 (s, 2H, CH2), 3.83 (s, 3H, OCH3''), 3.78 (s, 3H, OCH3'''). 
13C NMR (126 MHz, DMSO-d6) δ 161.4 (C-4'''), 161.4 (C-4''), 151.8 (C-2'), 149.9 (C-6'), 142.8 
(C-4), 137.9 (C-4'), 130.9 (C-2''', C-6'''), 129.3 (C-6), 127.8 (C-2'', C-6''), 126.6 (C-1''), 124.3 (C-
5'), 123.6 (C-3'), 115.2 (C-3'', C-5''), 114.7 (C-3''', C-5'''), 114.5 (C-1'''), 57.7 (CH2), 55.8 (OCH3''), 
55.5 (OCH3'''). 
15N NMR (51 MHz, DMSO-d6) δ 343 (N-2), 312 (N-1'), 251 (N-1), 247 (N-3). 
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19F NMR (471 MHz, DMSO-d6) δ –148.23 (d, J = 26 Hz, BF4). 
HRMS (ESI+): calcd. for C22H21N4O2+ [M+] 373.1659, found 373.1660. 
5.2.4.4 Precursors for multidentate (tri- or tetra-dentate) NHCs 
3-Phenyl-4-(pyridin-2-yl)-1-(pyridin-2-ylmethyl)-1H-1,2,3-triazol-3-ium 
trifluoromethanesulfonate (1.3D).  
 
Following the general procedure employing 2-((4-(pyridin-2-yl)-1H-1,2,3-triazol-1-
yl)methyl)pyridine (1.1D, 47 mg) and mesityl(phenyl)iodonium trifluoromethanesulfonate (1.2b, 
170 mg). Brown oil (40 mg, 0.261 mmol, 43%). 
IR 3094, 1592, 1574, 1495, 1439, 1253, 1223, 1149, 1049, 1028, 757, 691 cm–1. 
1H NMR (500 MHz, DMSO-d6) δ 9.71 (s, 1H, H-5), 8.64 (ddd, J = 4.8, 1.9, 1.0 Hz, 1H, H-6'), 
8.60 (ddd, J = 4.7, 1.7, 0.9 Hz, 1H, H-6'''), 8.04–7.94 (m, 2H, H-4' and H-4'''), 7.74–7.61 (m, 7H, 
H-3' and Ph and H-3'''), 7.56 (ddd, J = 7.7, 4.8, 1.1 Hz, 1H, H-5'''), 7.49 (ddd, J = 7.6, 4.9, 1.1 Hz, 
1H, H-5'), 6.22 (s, 2H, CH2). 
13C NMR (126 MHz, DMSO-d6) δ 151.7 (C-2'), 150.3 (C-6'''), 149.8 (C-6'), 142.3 (C-2'''), 141.6 
(C-4), 137.9 (C-4'/C-4'''), 137.8 (C-4'/C-4'''), 134.7 (C-1''), 132.0 (C-4''), 131.1 (C-5), 129.9 (C-
3'', C-5''), 126.1 (C-5''' and C-2'', C-6''), 124.8 (C-3'''), 124.3 (C-5'), 123.5 (C-3'), 57.8 (CH2). 
15N NMR (51 MHz, DMSO-d6) δ 345 (N-2), 312 (N-1'), 249 (N-1 and N-3). 
19F NMR (471 MHz, DMSO-d6) δ –77.76 (OTf). 
HRMS (ESI+): calcd. for C19H16N5+ [M+] 314.1400, found 314.1401. 
5,5'-((((1-Benzyl-3-phenyl-1H-1,2,3-triazol-3-ium-4-yl)methyl)azanediyl)bis(methylene)) 
bis(3-benzyl-1-phenyl-1H-1,2,3-triazol-3-ium) trifluoromethansulfonate (1.3E) 
 
Following the general procedure employing tris((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)amine 
(1.1E, 106 mg, 0.2 mmol) and mesityl(phenyl)iodonium trifluoromethanesulfonate (1.2b, 510 
mg, 1.08 mmol, 1.8 equiv). Brown solid (141 mg, 0.117 mmol, 88%). 
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1H NMR (500 MHz, DMSO-d6) δ 8.98 (s, 3H, H-5), 7.76–7.71 (m, 3H, Ph), 7.67–7.62 (m, 6H, 
Ph), 7.59–7.53 (m, 12H, Ph), 7.51–7.47 (m, 9H, Ph), 5.97 (s, 6H, CH2-Ntz), 4.00 (s, 6H, CH2-Ctz). 
13C NMR (126 MHz, DMSO-d6) δ 141.3, 133.2, 132.5, 132.3, 130.3, 129.9, 129.6, 129.2, 129.1, 
125.4, 56.9, 46.0. 
 15N NMR (51 MHz, DMSO-d6) δ 345, 255, 251. 
19F NMR (471 MHz, DMSO-d6) δ –77.76 (OTf). 
5.2.5 One-pot protocols 
General procedure for ‘one-pot’ preparation of triazolium salts 1.3Aa, 1.3Bba, and 1.3Ca 
Dry, nitrogen flushed ACE tube, equipped with magnetic stirring bar, was charged with organic 
azide 1.4 (1 mmol), acetylene 1.5 (1 mmol), phenyl(mesityl)iodonium triflate 1.2b (756 mg, 1.6 
mmol, 1.6 equiv), [Cu(PPh3)3Br] (0.05 mmol, 47 mg, 5 mol%), and sealed. The reaction mixture 
was stirred at 130 °C overnight for 3 h. Products were isolated as described in the above general 
procedures for the synthesis of the corresponding triazolium salt 1.3Aa, 1.3Bb, or 1.3Ca. 1H 
NMR spectra of isolated products were in agreement with the authentic samples prepared as 
described above. 
General procedure for ‘one-pot’ preparation of triazolium salts 1.3Aa, 1.3Bb, and 1.3Bj 
starting from NaN3 (Table 7) 
 Dry, nitrogen flushed ACE tube, equipped with magnetic stirring bar, was charged sodium azide 
(23 mg, 0.36 mmol), acetylene 7 (0.36 mmol), and iodonium salt 2 (0.936 mmol, 2.6 equiv). Then, 
[Cu(PPh3)3Br] (0.02 mmol, 17 mg, 5 mol%) was added and the tube was sealed. The reaction 
mixture was stirred at 130 °C for 3 h, and the products were isolated as described in the above 
general procedures for the synthesis of the corresponding triazolium salt 1.3Aa, 1.3Bb, or 1.3Bj. 
1H NMR spectra of isolated products were in agreement with the authentic samples prepared as 
described above. 
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5.3 TRANSITION METAL COMPLEXES WITH NOVEL 
iPEPPSI LIGANDS 
5.3.1 Preparation of Pd-iPEPPSI complexes 2.2 (Adopted from Refs.69,239) 
A mixture of triazolium salt 1.3B (0.1 mmol, 1 equiv), Cs2CO3 (0.1 mmol, 1 equiv), and Pd(OAc)2 
(0.1 mmol, 2 equiv) in dry acetonitrile was stirred at 60 °C for 2 h. Afterwards, the contents were 
filtered through a pad of diatomaceous earth to remove insoluble carbonate and excess palladium 
precursor. Filtrate was collected and evaporated under reduced pressure to afford products 2.2. 
Alternative isolation procedure is possible after complete conversion of triazolium salt 1.3B using 
anion metathesis and precipitation as follows. After stirring the reaction mixture, the contents 
were filtered through filter paper. Filtrate was collected and evaporated under reduced pressure. 
Crude reaction products (0.05 mmol) were dissolved in methanol (7 mL) and salt of selected anion 
was added in 10-fold excess (KPF6 for complexes with PF6–, NaBF4 for complexes with BF4–). 
After stirring for 5 min at room temperature, water (10 mL) was added and the precipitated 
products were collected by filtration. (Adopted from Refs.69,211,239) 
Preparation of Pd complexes with iPEPPSI ligands is also possible following the transmetallation 
procedure with Ag2O and in situ formation of Ag-NHC complexes.239 A mixture of triazolium 
salt 1.3B (0.2 mmol), Ag2O (0.4 mmol, 2 equiv), and KCl (2 mmol, 10 equiv) in dry acetonitrile 
(2 mL) was stirred at room temperature with the exclusion of light for 1 day. Afterwards, 
palladium precursor (0.2 mmol, 2 equiv) was added and the reaction mixture was stirred for 
additional 1 day at room temperature and with the exclusion of light. 
All of the above procedures afforded a mixture of Py-tzNHC containing species and pure 
complexes 2.2 could not have been isolated. 
5.3.2 Preparation of Ru-iPEPPSI (2.3) and Ir-iPEPPSI complexes (2.4) 
Oven-dried Schlenk flask was cooled down in the flow of argon and charged with triazolium salt 
1.3B (0.1 mmol, 1 equiv), Ag2O (46 mg, 0.2 mmol, 2 equiv), and dry acetonitrile (5 mL). Reaction 
mixture was stirred at room temperature and with the exclusion of light for 2 days. Afterwards, a 
metal precursor (0.05 mmol, 1 equiv) was added, (Ru(Cym)Cl2)2 for ruthenium complexes 2.3 
and (Ir(Cp*)Cl2)2 for iridium complexes 2.4. Stirring was continued for at room temperature and 
with the exclusion of light. After 3 days, the reaction mixture was filtered through a pad of 
diatomaceous earth and eluted with dichloromethane. Filtrate was collected and evaporated under 
reduced pressure. Analytically pure complexes were prepared with anion metathesis as follows. 
Crude products were dissolved in methanol (10 mL) and KPF6 (184 mg, 1 mmol, 10 equiv) was 
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added. Reaction mixture was stirred for 5 min and 100 mL of water was added afterwards. The 
precipitated pure complex 2.3 or 2.4 was collected with filtration.  
5.3.2.1 Ruthenium complexes 2.3 
 
Complex 2.3a (R1 = CH3, R3 = H) 
Following the general procedure employing triazolium salt 1.3Ba (45 mg). Olive-green solid (61 
mg, 0.0834 mmol, 83%). 
1H NMR (500 MHz, Acetone-d6) δ 9.65 (d, J = 5.7 Hz, 1H, H-6'''), 8.15–8.10 (m, 2H, H-2', H-
6'), 8.05–7.97 (m, 3H, H-4''', H-2'', H-6''), 7.95–7.90 (m, 1H, H-4''), 7.87 (dd, J = 8.4, 6.7 Hz, 2H, 
H-3'', H-5''), 7.67 (d, J = 8.1 Hz, 2H, H-3', H-5'), 7.58 (ddd, J = 7.4, 5.7, 1.4 Hz, 1H, H-5'''), 7.24 
(dd, J = 8.0, 1.0 Hz, 1H, H-3'''), 5.91 (dd, J = 6.2, 1.2 Hz, 1H, ArHCym), 5.75 (dd, J = 6.2, 1.4 Hz, 
1H, ArHCym), 5.59 (dd, J = 5.9, 1.3 Hz, 1H, ArHCym), 5.01 (dd, J = 6.0, 1.3 Hz, 1H, ArHCym), 2.56 
(s, 3H, CH3'), 2.51 (hept, J = 6.8 Hz, 1H, (CH3)2CH), 2.15 (s, 3H, CH3Cym), 1.01 (d, J = 6.9 Hz, 
3H, (CH3)2CH), 0.97 (d, J = 6.9 Hz, 3H, (CH3)2CH). 
13C NMR (126 MHz, Acetone-d6) δ 175.3 (C-5), 159.0 (C-6'''), 149.3 (C-2'''), 144.4 (C-4), 142.9 
(C-4'), 140.1 (C-4'''), 136.8 (C-1'), 135.4 (C-1''), 133.7 (C-4''), 131.6 (C-3'', C-5''), 131.4 (C-3', C-
5'), 127.0 (C-2'', C-6''), 126.5 (C-5'''), 126.0 (C-2', C-6'), 121.9 (C-3'''), 107.3 (ArCym), 106.1 
(ArCym), 92.2 (ArCym), 88.1 (ArCym), 87.0 (ArCym), 83.3 (ArCym), 32.1 ((CH3)2CH), 22.7 
((CH3)2CH), 22.1 ((CH3)2CH), 21.4 (CH3'), 19.02 (CH3Cym). 
15N NMR (51 MHz, Acetone-d6) δ 266 (N-3), 245 (N-1'''), 242 (N-1). 
19F NMR (471 MHz, Acetone-d6) δ –72.5 (d, J = 708 Hz, PF6). 
HRMS (ESI+): calcd. for C30H30ClN4Ru+ [M]+ 583.1197, found 583.1200. 
Complex 2.3b (R1 = R3 = OCH3) 
Following the general procedure employing triazolium salt 1.3Bj (50 mg). Olive-green solid (66 
mg, 0.0851 mmol, 85%). 
1H NMR (500 MHz, Acetone-d6) δ 9.63 (d, J = 5.5 Hz, 1H, H-6'''), 8.18–8.12 (m, 2H, H-2'', H-
6''), 8.02 (td, J = 7.8, 1.5 Hz, 1H, H-4'''), 7.92–7.84 (m, 2H, H-2', H-6'), 7.56 (ddd, J = 7.4, 5.6, 
1.4 Hz, 1H, H-5'''), 7.39–7.32 (m, 4H, H-3'', H-5'', H-3', H-5'), 7.29 (d, J = 8.0 Hz, 1H, H-3'''), 
5.92 (dd, J = 6.2, 1.4 Hz, 1H, ArHCym), 5.74 (dd, J = 6.2, 1.3 Hz, 1H, ArHCym), 5.59 (dd, J = 6.0, 
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1.3 Hz, 1H, ArHCym), 5.02 (dd, J = 6.0, 1.2 Hz, 1H, ArHCym), 4.00 (s, 3H, OMe'/OMe''), 3.99 (s, 
3H, OMe'/OMe''), 2.51 (hept, J = 6.9 Hz, 1H, (CH3)2CH), 2.16 (s, 3H, CH3Cym), 1.01 (d, J = 6.9 
Hz, 3H, (CH3)2CH), 0.96 (d, J = 6.9 Hz, 3H, (CH3)2CH). 
13C NMR (126 MHz, Acetone-d6) δ 175.0 (C-5), 163.6 (C-4'/C-4''), 162.8 (C-4'/C-4''), 158.8 (C-
6'''), 149.5 (C-2'''), 144.4 (C-4), 140.1 (C-4'''), 132.0 (C-1''), 128.4 (C-2', C-6'), 127.7 (C-1'), 127.6 
(C-2'', C-6''), 126.3 (C-5'''), 121.9 (C-3'''), 116.5 (C-3', C-5' / C-3'', C-5''), 115.9 (C-3', C-5' / C-3'', 
C-5''), 107.2 (ArCym), 106.5 (ArCym), 92.2 (ArCym), 87.9 (ArCym), 87.0 (ArCym), 82.9 (ArCym), 56.5 
(OMe' / OMe''), 56.3 (OMe' / OMe''), 32.1 ((CH3)2CH), 22.6 ((CH3)2CH), 22.2 ((CH3)2CH), 19.1 
(CH3Cym). 
15N NMR (51 MHz, Acetone-d6) δ 266 (N-3), 245 (N-1'''), 242 (N-1). 
19F NMR (471 MHz, Acetone-d6) δ –72.5 (d, J = 708 Hz, PF6). 
HRMS (ESI+): calcd. for C31H32ClN4O2Ru+ [M]+ 629.1252, found 629.1248. 
Complex 2.3c (R1 = NO2, R3 = OMe) 
Following the general procedure employing triazolium salt 1.3Bl (52 mg). Olive-green solid (67 
mg, 0.0848 mmol, 85%). 
1H NMR (500 MHz, Acetone-d6) δ 9.67 (d, J = 5.5 Hz, 1H, H-6'''), 8.76–8.70 (m, 2H, H-3', H-
5'), 8.63–8.57 (m, 2H, H-2', H-6'), 8.04 (td, J = 7.9, 1.4 Hz, 1H, H-4'''), 7.96–7.91 (m, 2H, H-2'', 
H-6''), 7.60 (ddd, J = 7.4, 5.6, 1.3 Hz, 1H, H-5'''), 7.39–7.35 (m, 2H, H-3'', H-5''), 7.31 (d, J = 8.0 
Hz, 1H, H-3'''), 6.03 (d, J = 6.1 Hz, 1H, ArHCym), 5.83 (dd, J = 6.2, 1.2 Hz, 1H, ArHCym), 5.75 
(dd, J = 5.9, 1.2 Hz, 1H, ArHCym), 5.18 (dd, J = 6.0, 1.1 Hz, 1H, ArHCym), 4.00 (s, 3H, OMe), 2.53 
(hept, J = 6.8 Hz, 1H, (CH3)2CH), 2.18 (s, 3H, CH3Cym), 1.01 (d, J = 6.9 Hz, 3H, (CH3)2CH), 0.96 
(d, J = 6.9 Hz, 3H, (CH3)2CH). 
13C NMR (126 MHz, Acetone-d6) δ 176.1 (C-5), 163.7 (C-4''), 159.0 (C-6'''), 150.3 (C-4'), 149.3 
(C-2'''), 145.1 (C-4), 143.6 (C-1'), 140.3 (C-4'''), 128.4 (C-2'', C-6''), 127.5 (C-1''), 127.4 (C-2', C-
6'), 126.7 (C-5'''), 126.5 (C-3', C-5'), 122.0 (C-3'''), 116.6 (C-3'', C-5''), 107.7 (ArCym), 106.8 
(ArCym), 92.3 (ArCym), 88.4 (ArCym), 87.1 (ArCym), 83.5 (ArCym), 56.5 (OMe), 32.1 ((CH3)2CH), 
22.6 ((CH3)2CH), 22.24 ((CH3)2CH), 19.04 (CH3Cym). 
15N NMR (51 MHz, Acetone-d6) δ 367 (NO2), 262 (N-3'), 244 (N-1''', N-1). 
19F NMR (471 MHz, Acetone-d6) δ –72.5 (d, J = 708 Hz, PF6). 
HRMS (ESI+): calcd. for C30H29ClN5O3Ru+ [M]+ 644.0997, found 644.0996. 
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5.3.2.2 Iridium complexes 2.4 
 
Complex 2.4a (R1 = R3 = H) 
Following the general procedure employing triazolium salt 1.3Bb (45 mg). Yellow solid (65 mg, 
0.0806 mmol, 81%). 
1H NMR (500 MHz, Acetone-d6) δ 9.08 (d, J = 5.6 Hz, 1H, H-6'''), 8.27–8.21 (m, 2H, H-2', H-
6'), 8.10–8.02 (m, 3H, H-2'', H-6'', H-4'''), 7.97–7.91 (m, 1H, H-4''), 7.91–7.86 (m, 2H, H-3'', H-
5''), 7.84–7.77 (m, 3H, H-3', H-5', H-4'), 7.66 (ddd, J = 7.4, 5.7, 1.4 Hz, 1H, H-5'''), 7.34 (d, J = 
8.0 Hz, 1H, H-3'''), 1.56 (s, 15H, CH3Cp*). 
13C NMR (126 MHz, Acetone-d6) δ 157.2 (C-5), 156.0 (C-6'''), 149.4 (C-2''' / C-4), 149.3 (C-2''' 
/ C-4), 140.9 (C-4'''), 139.3 (C-1'), 135.3 (C-1''), 133.7 (C-4''), 132.2 (C-4'), 131.5 (C-3'', C-5''), 
130.9 (C-3', C-5'), 127.8 (C-5'''), 127.0 (C-2'', C-6''), 126.1 (C-2', C-6'), 121.4 (C-3'''), 92.1 (CCp*), 
9.0 (CH3Cp*). 
15N NMR (51 MHz, Acetone-d6) δ 260 (N-1), 245 (N-3), 229 (N-1'''). 
19F NMR (471 MHz, Acetone-d6) δ –72.6 (d, J = 708 Hz, PF6). 
HRMS (ESI+): calcd. for C29H29ClN4Ir+ [M]+ 661.1705, found 661.1687. 
Complex 2.4b (R1 = CH3, R3 = H) 
Following the general procedure employing triazolium salt 1.3Ba (46 mg). Yellow solid (72 mg, 
0.0878 mmol, 88%). 
1H NMR (500 MHz, Acetone-d6) δ 9.07 (ddd, J = 5.6, 1.4, 0.8 Hz, 1H, H-6'''), 8.13–8.08 (m, 2H, 
H-2', H-6'), 8.07–8.02 (m, 3H, H-2'', H-6'', H-4'''), 7.96–7.91 (m, 1H, H-4''), 7.91–7.85 (m, 2H, 
H-3'', H-5''), 7.65 (ddd, J = 7.6, 5.7, 1.4 Hz, 1H, H-5'''), 7.63–7.58 (m, 2H, H-3', H-5'), 7.33 (ddd, 
J = 8.2, 1.4, 0.8 Hz, 1H, H-3'''), 2.54 (s, 3H, CH3'), 1.57 (s, 15H, CH3Cp*). 
13C NMR (126 MHz, Acetone-d6) δ 157.0 (C-5), 156.0 (C-6'''), 149.3 (C-2''' / C-4), 149.3 (C-2''' 
/ C-4), 142.7 (C-4'), 140.8 (C-4'''), 136.9 (C-1'), 135.4 (C-1''), 133.7 (C-4''), 131.5 (C-3'', C-5''), 
131.3 (C-3', C-5'), 127.8 (C-5'''), 127.0 (C-2'', C-6''), 125.8 (C-2', C-6'), 121.4 (C-3'''), 92.1 (CCp*), 
21.3 (CH3'), 9.0 (CH3Cp*). 
15N NMR (51 MHz, Acetone-d6) δ 260 (N-1), 245 (N-3), 229 (N-1'''). 
19F NMR (471 MHz, Acetone-d6) δ –72.6 (d, J = 708 Hz, PF6). 
HRMS (ESI+): calcd. for C30H31ClN4Ir+ [M]+ 675.1861, found 675.1849. 
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Complex 2.4c (R1 = CH3, R3 = CF3) 
Following the general procedure employing triazolium salt 1.3Bd (54 mg). Yellow solid (75 mg, 
0.0844 mmol, 84%). 
1H NMR (500 MHz, Acetone-d6) δ 9.08 (ddd, J = 5.7, 1.5, 0.8 Hz, 1H, H-6'''), 8.40–8.33 (m, 2H, 
H-2'', H-6''), 8.29–8.23 (m, 2H, H-3'', H-5''), 8.13–8.09 (m, 2H, H-2', H-6'), 8.04 (td, J = 7.9, 1.5 
Hz, 1H, H-4'''), 7.67 (ddd, J = 7.5, 5.7, 1.3 Hz, 1H, H-5'''), 7.64–7.60 (m, 2H, H-3', H-5'), 7.51 (d, 
J = 8.1 Hz, 1H, H-3'''), 2.54 (s, 3H, CH3'), 1.57 (s, 15H, CH3Cp*). 
13C NMR (126 MHz, Acetone-d6) δ 157.3 (C-5), 156.0 (C-6'''), 149.5 (C-2''' / C-4), 149.1 (C-2''' 
/ C-4), 142.9 (C-4'), 140.9 (C-4'''), 138.5 (C-1''), 136.8 (C-1'), 134.6 (q, J = 33 Hz, C-4''), 131.4 
(C-3', C-5'), 128.8 (q, J = 4 Hz, C-3'', C-5''), 128.3 (C-2'', C-6''), 127.9 (C-5'''), 125.8 (C-2', C-6'), 
124.48 (q, J = 272 Hz, CF3), 121.8 (C-3'''), 92.2 (CCp*), 21.3 (CH3'), 9.0 (CH3Cp*). 
15N NMR (51 MHz, Acetone-d6) δ 261 (N-1), 242 (N-3), 229 (N-1'''). 
19F NMR (471 MHz, Acetone-d6) δ –62.9 (CF3), –72.2 (d, J = 708 Hz, PF6). 
HRMS (ESI+): calcd. for C31H30ClF3N4Ir+ [M]+ 743.1735, found 743.1716. 
Complex 2.4d (R1 = R3 = OMe) 
Following the general procedure employing triazolium salt 1.3Bj (50 mg). Yellow solid (71 mg, 
0.0820 mmol, 82%). 
1H NMR (500 MHz, Acetone-d6) δ 9.06 (ddd, J = 5.8, 1.5, 0.8 Hz, 1H, H-6'''), 8.17–8.09 (m, 2H, 
H-2', H-6'), 8.05 (td, J = 7.9, 1.5 Hz, 1H, H-4'''), 7.97–7.92 (m, 2H, H-2'', H-6''), 7.65 (ddd, J = 
7.6, 5.7, 1.4 Hz, 1H, H-5'''), 7.40–7.34 (m, 3H, H-3'', H-5'', H-3'''), 7.33–7.28 (m, 2H, H-3', H-5'), 
4.00 (s, 3H, OMe''), 3.98 (s, 3H, OMe'), 1.58 (s, 15H, CH3Cp*). 
13C NMR (126 MHz, Acetone-d6) δ 163.6 (C-4''), 162.7 (C-4'), 156.6 (C-5), 155.9 (C-6'''), 149.5 
(C-2''' / C-4), 149.2 (C-2''' / C-4), 140.8 (C-4'''), 132.2 (C-1'), 128.5 (C-2'', C-6''), 127.70 (C-1''), 
127.66 (C-5'''), 127.4 (C-2', C-6'), 121.4 (C-3'''), 116.4 (C-3'', C-5''), 115.8 (C-3', C-5'), 92.0 (CCp*), 
56.5 (OMe''), 56.4 (OMe'), 9.0 (CH3Cp*). 
15N NMR (51 MHz, Acetone-d6) δ 259 (N-1), 244 (N-3), 229 (N-1'''). 
19F NMR (471 MHz, Acetone-d6) δ –72.6 (d, J = 708 Hz, PF6). 
HRMS (ESI+): calcd. for C31H33ClN4O2Ir+ [M]+ 721.1916, found 721.1903. 
Complex 2.4e (R1 = NO2, R3 = OMe) 
Following the general procedure employing triazolium salt 1.3Bl (52 mg). Yellow solid (75 mg, 
0.0851 mmol, 85%). 
1H NMR (500 MHz, Acetone-d6) δ 9.09 (ddd, J = 5.6, 1.5, 0.8 Hz, 1H, H-6'), 8.71–8.66 (m, 2H, 
H-3', H-5'), 8.58–8.53 (m, 2H, H-2', H-6'), 8.08 (td, J = 7.9, 1.5 Hz, 1H, H-4'''), 8.01–7.96 (m, 2H, 
H-2'', H-6''), 7.68 (ddd, J = 7.7, 5.7, 1.4 Hz, 1H, H-5'''), 7.41 (ddd, J = 8.1, 1.3, 0.8 Hz, 1H, H-
3'''), 7.40–7.36 (m, 2H, H-3'', H-5''), 4.01 (s, 3H, OMe), 1.60 (s, 15H, CH3Cp*). 
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13C NMR (126 MHz, Acetone-d6) δ 163.8 (C-4''), 158.0 (C-5), 156.1 (C-6'''), 150.3 (C-4'), 149.8 
(C-4), 149.3 (C-2'''), 143.5 (C-1'), 141.0 (C-4'''), 128.5 (C-2'', C-6''), 128.0 (C-5'''), 127.5 (C-1''), 
127.2 (C-2', C-6'), 126.4 (C-3', C-5'), 121.6 (C-3'''), 116.5 (C-3'', C-5''), 92.4 (CCp*), 56.5 (OMe), 
9.1 (CH3Cp*) 
15N NMR (51 MHz, Acetone-d6) δ 367 (NO2), 255 (N-1), 246 (N-3), 228 (N-1'''). 
19F NMR (471 MHz, Acetone-d6) δ –72.1 (d, J = 708 Hz, PF6). 
HRMS (ESI+): calcd. for C30H30ClN5O3Ir+ [M]+ 736.1661, found 736.1645. 
5.3.3 General procedure for transfer-hydrogenation reaction 
 
Oven-dried Schlenk flask was cooled down in the flow of argon and charged with benzophenone 
(2.5, 91 mg, 0.5 mmol), selected complex (2.3 or 2.4), isopropanol (4 mL), KOH (6 mg, 0.1 mmol, 
0.2 equiv), and hexamethylbenzene as internal standard. The flask was additionally purged with 
argon and sealed. Reaction mixture was heated to 100 °C while stirring for the indicated time. 
Afterwards, volatiles were evaporated under reduced pressure. Aliquot of the crude reaction 
products was analysed using 1H NMR and conversion to product 2.6 was determined by 
comparison of integrals for product resonance at δ 5.80 ppm and that of hexamethylbenzene as 
internal standard at δ 2.24 ppm. The results are collected in Table 11 on p48. 
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5.4 MECHANISM OF COPPER-FREE SONOGASHIRA 
REACTION 
5.4.1 Model reactions 
5.4.1.1 Reaction a132 
 
To a stirred mixture of 4-iodotoluene (3.1, 545 mg, 2.5 mmol), phenylacetylene (3.2, 281 mg, 
2.75 mmol), sodium methoxide (149 mg, 2.75 mmol), and dry N,N-dimethylformamide (5 mL), 
[Pd(PPh3)4] (578 mg, 0.5 mmol, 20 mol% or 58 mg, 0.05 mmol, 2.0 mol%) was added under the 
argon atmosphere at room temperature. Additionally, 1,3,5-trimethoxybenzene was added as 
internal standard. Reaction mixture was stirred at room temperature. After a given time an aliquot 
(50 μL) was directly diluted with deuterated chloroform (0.55 mL), transferred into NMR tube, 
and 1H and 31P NMR were recorded immediately. It has been confirmed that this workup 
completely stops the reaction by re-acquiring the 1H NMR spectrum of the same sample after 
being aged in the NMR tube for 1 h, returning the same results. The conversion into product 3.3 
was determined by NMR from integrals of methyl resonances of product 3.3 and internal standard. 
The results are displayed in Fig. 42 (p51). The reaction was repeated in triplicates, always 
returning consistent results. Additionally, the reaction conditions with 2 mol% loadings of 
palladium are similar to those from literature and the results are consistent.143  
5.4.1.2 Reaction b132 
 
To a stirred mixture of 4-iodotoluene (3.1, 545 mg, 2.5 mmol), phenylacetylene (3.2, 302 μL, 281 
mg, 2.75 mmol), pyrrolidine (420 μL, 355 mg, 5 mmol), and dry dichloromethane (5 mL), 
bis(triphenylphosphine)palladium(II) dichloride (351 mg, 0.50 mmol, 20 mol% or 35 mg, 0.05 
mmol, 2.0 mol%) was added at room temperature under the argon atmosphere. Additionally, 
1,3,5-trimethoxybenzene was added as internal standard. Reaction mixture was stirred at room 
temperature. After a given time an aliquot (50 μL) was directly diluted with deuterated chloroform 
(0.55 mL), transferred into NMR tube, and 1H and 31P NMR were recorded immediately. It has 
been confirmed that this workup completely stops the reaction by re-acquiring the 1H NMR 
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spectrum of the same sample after being aged in the NMR tube for 1 h, returning the same results. 
The conversion into product 3.3 was determined by NMR from integrals of methyl resonances of 
product 3.3 and internal standard. The results are displayed in Fig. 42 (p51). The reaction was 
repeated in triplicates, always returning consistent results. Additionally, the reaction conditions 
with 2 mol% loadings of palladium are similar to those from literature and the results are 
consistent.156 
5.4.2 Preparation and characterization of reaction intermediates and 
products 
Sonogashira product 3.3 (1-methyl-4-(phenylethynyl)benzene)132 
 
Prepared using the general conditions for model Reaction a. Product 3.3 was isolated by silica gel 
column chromatography using light petroleum : ethyl acetate (10:1, v/v) as a mobile phase. 
1H NMR (500 MHz, CDCl3): δ 7.54–7.50 (m, 2H), 7.42 (d, J = 7.8 Hz, 2H), 7.38–7.30 (m, 3H), 
7.14 (d, J = 7.8 Hz, 2H), 2.37 (s, 3H). The data are in agreement with those from the literature.240 
Oxidative addition product 3.4132 
 
Synthesized following the literature procedure.241 To a stirred mixture of 4-iodotoluene (3.1, 109 
mg, 0.5 mmol), in benzene (5 mL), tetrakis(triphenylphosphine)palladium(0) (231 mg, 0.2 mmol) 
was added under argon atmosphere. The reaction mixture was stirred at room temperature with 
exclusion of light for 2 h. Afterwards, the reaction mixture was concentrated under reduced 
pressure and the crude product was triturated with diethyl ether to obtain pure product 3.4 (164 
mg, 97%) as a white solid. 
1H NMR (500 MHz, CDCl3) δ 7.54–7.46 (m, 12H, H-2' and H-6'), 7.34‒7.28 (m, 6H, H-4'), 
7.26‒7.19 (m, 12H, H-3' and H-5'), 6.44‒6.39 (m, 2H, H-2 and H-6), 6.07 (d, J = 7.6 Hz, 2H, H-
3 and H-5), 1.91 (s, 3H, CH3). 
13C NMR (126 MHz, CDCl3) δ 152.7 (t, J = 2.4 Hz, C-1), 135.5 (t, J = 5.1 Hz, C-2 and C-6), 
134.9 (t, J = 6.3 Hz, C-2' and C-6'), 132.2 (t, J = 22.9 Hz, C-1'), 129.6 (C-4'), 130.9 (C-4), 128.9 
(C-3 and C-5), 127.7 (t, J = 5.0 Hz, C-3' and C-5'), 20.1 (CH3). 
31P NMR (202 MHz, CDCl3) δ +22.5 (s). The data is in agreement with those from the literature. 
δ  + 22.5 (s) (C6D6).242 δ + 23.1 (s) (CDCl3).243 
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Transmetallation product 3.5132 
 
Compound 5 was characterized in reaction mixture prepared as follows: A mixture of 4-
iodotoluene (3.1, 109 mg, 0.5 mmol), phenylacetylene (3.2, 66 mg, 0.65 mmol), 
tetrakis(triphenylphosphine)palladium(0) (289 mg, 0.25 mmol, 50 mol%), sodium methoxide (35 
mg, 0.65 mmol), and N,N-dimethylformamide (0.25 mL) was stirred under argon atmosphere at 
50 °C for 15 min. An aliquot (50 μL) of the reaction mixture was diluted with CDCl3 (0.7 mL), 
washed with water (3 × 0.5 mL), dried over sodium sulfate and filtered. Using the 1H and 31P 
NMR spectroscopy revealed the presence of the initial reagents 3.1, 3.2, and product 3.3 as well 
as oxidative addition product 3.4, transmetallation product 3.5, palladium complex 3.7, PPh3, and 
O=PPh3. 
1H NMR (500 MHz, CDCl3) δ 6.87‒6.84 (m, 3H, H-3'', H-4'' and H-5''), 6.47 (d, J = 7.4 Hz, 2H, 
H-2 and H-6), 6.33‒6.28 (m, 2H, H-2'' and H-6''), 6.16 (d, J = 7.4 Hz, 2H, H-3 and H-5), 1.98 (s, 
3H, CH3). Proton resonances corresponding to phenyl groups of phosphine ligands of 5 are 
superimposed on signals for phenyl groups of other PPh3 containing species in the mixture. 
13C NMR (126 MHz, CDCl3) δ 156.0 (t, J = 6.3 Hz, C-1), 138.0 (t, J = 3.8 Hz, C-2 and C-6), 
130.6 (C-2'' and C-6''), 130.2 (C-4), 128.0 (C-1''), 127.8 (C-3 and C-5), 127.0 (C-3'' and C-5''), 
124.0 (C-4''), 20.5 (CH3). Carbon resonances for acetylenic carbons were below detection limit. 
31P NMR (202 MHz, CDCl3) δ +26.3 (s). 
HRMS (ESI+): calcd. for C51H43P2Pd+ [M+H]+ 823.1869, found 823.1885. 
Using 1H–31P HMBC spectroscopy (Fig. 59) indicated three cross-peaks of the phosphorus 
resonance at δ +26.3 ppm with three sets of proton resonances at 7.55 ppm, 7.32 ppm and 7.23 
ppm. 
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Figure 59. 1H–31P HMBC spectrum of the reaction mixture containing 3.5. 
Palladium bis-acetylide 3.6132 
 
To a stirred 0.2 M solution of NaOH (200 mg, 5.0 mmol) in methanol (25 mL), phenylacetylene 
(3.2, 510 mg, 5.0 mmol, 550 μL) and palladium actylide 3.8 (430 mg, 0.5 mmol) were added 
under argon atmosphere. The reaction mixture was stirred at room temperature in the exclusion 
of light overnight (16 h). Afterwards, the precipitate was filtered off and washed with water 
followed by diethyl ether. The crude product was re-crystallized from benzene/ethanol to afford 
a pure complex 3.6 (350 mg, 84%). 
1H NMR (500 MHz, CDCl3) δ 7.84–7.78 (m, 12H, H-2' and H-6'), 7.42‒7.35 (m, 6H, H-4'), 
7.36‒7.30 (m, 12H, H-3' and H-5'), 6.92‒6.88 (m, 6H, H-3, H-4 and H-5), 6.34‒6.29 (m, 4H, H-
2 and H-6). 
13C NMR (126 MHz, CDCl3) δ 135.0 (t, J = 6.4 Hz, C-2' and C-6'), 132.5 (t, J = 24.6 Hz, C-1'), 
130.8 (C-2 and C-6), 129.9 (C-4'), 128.1 (C-1), 127.9 (t, J = 5.3 Hz, C-3' and C-5'), 127.1 (C-3 
and C-5), 124.7 (C-4), 114.8 (t, J = 4.3 Hz, CC2), 113.6 (t, J =16.8 Hz, CC1). 
31P NMR (202 MHz, CDCl3) δ +25.9 (s). Lit.:244 δ +26.58 (s) CDCl3.  
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Palladium complex 3.7132 
 
Compound 3.7 was prepared following the literature procedure. The spectroscopic data below is 
in agreement with the literature.245 
1H NMR (500 MHz, CDCl3) δ 7.73–7.66 (m, 12H, H-2' and H-6'), 7.40–7.35 (m, 18 H, H-3', H-
5' and H-4'). 
13C NMR (126 MHz, CDCl3) δ 135.2 (t, J = 5.7 Hz, C-2' and C-6'), 134.0 (t, J = 25.3 Hz, C-1'), 
130.5 (C-2 and C-6), 130.2 (C-4'), 127.6 (t, J = 5.4 Hz, C-3' and C-5'). 
31P NMR (202 MHz, CDCl3) δ +12.8 (s). 
Transmetallation product 3.8132 
 
Compound 3.8 was synthesized according to the literature procedure and the spectroscopic data 
is in agreement with the reported data.246 
1H NMR (500 MHz, CDCl3) δ 7.79–7.73 (m, 12H, H-2' and H-6'), 7.41‒7.31 (m, 18H, H-3', H-
5' and H-4'), 6.91‒6.87 (m, 1H, H-4), 6.86‒6.81 (m, 2H, H-3 and H-5), 6.09‒6.06 (m, 2H, H-2 
and H-6). 
13C NMR (126 MHz, CDCl3) δ 135.0 (t, J = 6.3 Hz, C-2' and C-6'), 132.7 (t, J = 25.2 Hz, C-1'), 
130.5 (C-2 and C-6), 130.1 (C-4'), 127.2 (C-1), 127.8 (t, J = 5.4 Hz, C-3' and C-5'), 127.0 (C-3 
and C-5), 125.1 (C-4), 109.5 (t, J = 6.8 Hz, CC2), 101.4 (t, J =13.8 Hz, CC1). 
31P NMR (202 MHz, CDCl3) δ +22.8 (s). 
Palladium complex 3.9132 
 
Compound 3.9 was prepared in a mixture, following the literature data.132 
Oxidative addition product 4 (11 mg, 0.0130 mmol), pyrrolidine (7 mg, 0.0984 mmol), and CDCl3 
(1.0 mL) were added to a glass vial and stirred. Afterwards, the contents were transferred to a 
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NMR tube and analyzed. The spectroscopic data of compound 3.9 is in agreement with the 
literature.132 
1H NMR (500 MHz, CDCl3) δ 6.81‒6.76 (m, 2H), 6.48 (d, J = 7.4 Hz, 2H), 3.56 (br s, 1H), 3.23‒
3.14 (m, 2H), 2.66‒2.57 (m, 2H), 2.09 (s, 3H), 1.60‒1.41 (m, 4H). Proton resonances 
corresponding to phenyl groups of phosphine ligands of 9 are superimposed on signals for phenyl 
groups of other PPh3 containing species in the mixture. 
31P NMR (202 MHz, CDCl3) δ +31.6 (s). 
HRMS (ESI+): calcd. for C29H32INPPd+ [M+H]+ 658.0346, found 658.0347. 
Palladium complex 3.10132 
 
Compound 3.10 was prepared and analysed in the reaction mixture as follows: Palladium complex 
3.8 (12 mg, 0.0144 mmol), pyrrolidine (7 mg, 0.0984 mmol), and CDCl3 (1.0 mL) were added to 
a glass vial and stirred. Afterwards, the contents were transferred to a NMR tube and analyzed. 
1H NMR (500 MHz, CDCl3) δ 7.08–6.97 (m, 3H), 6.77–6.68 (m, 2H), 3.95 (br s, 1H), 3.56–3.21 
(m, 4H), 2.01–1.77 (m, 4H). Proton resonances corresponding to phenyl groups of phosphine 
ligands of 9 are superimposed on signals for phenyl groups of other PPh3 containing species in 
the mixture. 
31P NMR (202 MHz, CDCl3) δ +30.3 (s). 
HRMS (ESI+): calcd. for C30H30INPPd+ [M+H]+ 668.0190, found 668.0206. 
5.4.3 Transmetallation reactions132 
Transmetallation between 3.4 and 3.6 
 
A solution of 3.4 (8.05 mg, 0.0095 mmol) and 3.6 (9.48 mg, 0.0114 mmol, 1.2 equiv.) in CDCl3 
(0.70 mL) under argon atmosphere at 302 K was monitored by 1H NMR (spectra were acquired 
in 5 min intervals). The conversion into product 3.3 was determined from integrals of methyl 
resonances of 3.3 using 1,3,5-trimethoxybenzene as internal standard. The reaction was repeated 
3-times, always returning consistent results. 
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Transmetallation between 3.4 and 3.8 
 
 A solution of 3.4 (8.06 mg, 0.0095 mmol) and 3.8 (9.76 mg, 0.0114 mmol, 1.2 equiv.) in CDCl3 
(0.70 mL) under argon atmosphere at 302 K was monitored by 1H NMR (spectra were acquired 
in 5 min intervals). The conversion into product 3.3 was determined from integrals of methyl 
resonances of 3.3 using 1,3,5-trimethoxybenzene as internal standard. The reaction was repeated 
3-times, always returning consistent results. 
5.4.4 Kinetic studies132 
To a mixture of 4-iodotoluene (3.1, 545 mg, 2.5 mmol), phenylacetylene (3.2, 281 mg, 2.75 
mmol), sodium methoxide (149 mg, 2.75 mmol), and dry N,N-dimethylformamide (5 mL), the 
corresponding amount of [Pd(PPh3)4] was added under argon atmosphere at room temperature. 
Additionally, 1,3,5-trimethoxybenzene was employed as an internal standard. Stirring was 
continued at room temperature. After given time an aliquot (50 μL) was directly diluted with 
deuterated chloroform (0.6 mL), transferred into NMR tube, and 1H and 31P NMR were recorded 
immediately. It has been confirmed that this workup completely stops the reaction by re-acquiring 
the 1H NMR spectrum of the same sample after being aged in the NMR tube for 1 h, returning 
consistent results. The conversion into product 3.3 was determined by NMR from integrals of 
methyl resonances of product 3.3 and internal standard. The reaction was repeated in duplicates, 
returning consistent results. The results are displayed in Figs. 60–62. 
The maximum reaction rate of sigmoid curve with Eq. (1) can be calculated as the value of first 
derivative at t = tc. 
 𝑐(𝟑) = 𝑎 ⋅ 𝑒−𝑒
−𝑘(𝑡−𝑡𝑐)  (Eq. 1) 
The first derivative can be calculated according to Eq. (2). 
 𝑟 = (
𝜕𝑐
𝜕𝑡
) = 𝑎𝑘 ⋅ 𝑒−𝑘(𝑡−𝑡𝑐)−𝑒
−𝑘(𝑡−𝑡𝑐)  (Eq. 2) 
Maximum rate corresponds to the value of first derivative at t = tc according to Eq. ( 3). 
 𝑟 = (
𝜕𝑐
𝜕𝑡
)
𝑡=𝑡𝑐
= 𝑎 ⋅ 𝑘 ⋅ 𝑒−1  (Eq. 3) 
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Figure 60. Product 3.3 build-up for Reaction a with 3 mol% loading of [Pd]. 
Experimental data (•) and fitted Gompertz curve (red) for the Reaction a run with 3 
mol% of [Pd(PPh3)4]. Dashed line indicates the maximum reaction rate. 
 
 
Figure 61. Product 3.3 build-up for Reaction a with 4 mol% loading of [Pd]. 
Experimental data (•) and fitted Gompertz curve (red) for the Reaction a run with 4 
mol% of [Pd(PPh3)4]. Dashed line indicates the maximum reaction rate. 
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Figure 62. Product 3.3 build-up for Reaction a with 5 mol% loading of [Pd]. 
Experimental data (•) and fitted Gompertz curve (red) for the Reaction a run with 5 
mol% of [Pd(PPh3)4]. Dashed line indicates the maximum reaction rate. 
Fitted parameters for Reaction a with 3 to 5 mol% loadings of [Pd] are summarized in Table 15. 
It is interesting to note that parameter tc actually corresponds to the induction time, during which 
the reaction is gaining in rate. Additionally, with the increased loadings of palladium this time 
tends to get shorter and can become unnoticeable, based on the limitations of the monitoring 
method in combination with the sampling frequency. 
Table 15. Kinetic parameters for determination of order in Pd. 
Loading of [Pd] / mol% tc / min 102 rmax ln(rmax) ln[Pd] 
3 12.2 1.4 –4.3 –7.6 
4 10.4 1.7 –4.1 –7.3 
5 8.8 2.3 –3.8 –7.1 
 
The obtained reaction rate maxima were plotted against the concentrations of palladium to 
estimate the reaction order. A log-log plot demonstrated in Fig. 49b (p 58) returned a tentative 
order of 1 for palladium pre-catalyst. 
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5.5 1,2,4-TRISUBSTITUTED-1,3-ENYNES 
5.5.1 Screening of reaction conditions for enyne synthesis 
Tolyl halide (4.1, 0.125 mmol, 1 equiv), acetylene (4.2, 0.25–1.25 mmol, 2–10 equiv), palladium 
complex (0.0125 mmol, 1 mol%), base (0.5 mmol, 4 equiv), and solvent (2 mL) were added to 
the reaction vessel equipped with a stirring bar. The reaction vessel was sealed and reaction was 
heated to 140 °C while stirring for 16 h. Afterwards, an aliquot of reaction mixture was analysed 
with 1H NMR and the conversion to enyne 4.4a was determined by comparison of integrals for 
tolyl halide 4.1, Sonogashira product 4.3a as well as enyne product 4.4a. The results are collected 
in Table 12 (p63) for acetylene 4.2a and Table 13 (p64) for acetylene 4.2b. 
5.5.2 General procedure for the preparation of Sonogashira products 4.3 
Following the literature procedure.69 Tolyl bromide (43 mg, 0.25 mmol, 1 equiv), acetylene (4.2, 
0.5 mmol, 2 equiv), K2CO3 (69 mg, 0.5 mmol, 2 equiv), and water (2 mL) were added in a reaction 
vessel equipped with a stirring bar. Reaction vessel was sealed, and the contents were stirred at 
140 °C for 4 h. Afterwards, the reaction mixture was cooled down to ambient temperature and 
extracted with ethyl acetate. Organic fractions were collected and dried over anhydrous sodium 
sulfate and filtered. Filtrate was collected and volatiles were removed under reduced pressure. 
Product 4.3 was isolated by colum chromatography on silica, using light petroleum : ethyl acetate 
(5:1, v/v) as mobile phase. 
Trimethyl(p-tolylethynyl)silane (4.3a) 
Following the general procedure employing TIPS-acetylene (4.2a, 91 mg, 0.5 mmol). Off-white 
solid (65 mg, 95%). 
1H NMR (500 MHz, CDCl3) δ 7.37 (d, J = 8 Hz, 2H), 7.10 (d, J = 8.0 Hz, 2 Hz, 2H), 2.34 (s, 
3H), 1.11–1.14 (m, 21H). 
Spectral data are in agreement with the literature.69 
1-Methyl-4-(phenylethynyl)benzene (4.3b) 
Following the general procedure employing phenylacetylene (4.2b, 51 mg, 0.5 mmol). White 
solid (42 mg, 86%). 
1H NMR (500 MHz, CDCl3) δ 7.54–7.50 (m, 2H), 7.42 (d, J = 7.8 Hz, 2H), 7.38–7.30 (m, 3H), 
7.14 (d, J = 7.8 Hz, 2H), 2.37 (s, 3H). 
Spectral data are in agreement with the literature.69 
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5.5.3 Synthesis of gem-enynes 4.5 
1-(Triisopropylsilyl)-3-(trimethylsilyl)-but-1-yn-3-en (4.5aa) 
Following the slightly modified literature procedure.219 Acetylene 4.2a (218 mg, 1.2 mmol) was 
added to a dibutyl ether solution of methylmagnesium bromide (1.2 mL, 1.2 mmol, 1 mol/L, 1 
equiv) at 0 °C and stirred for 10 min. Afterwards, contents were heated to 60 °C while stirring for 
4 h. The reaction mixture was cooled to 0 °C again and THF solutions of LiBr (104 mg, 1.2 mmol, 
1 equiv, 1 mol/L, 1.2 mL) and FeCl3 (3 mg, 0.01 mmol, 1 mol%, 0.04 M, 0.25 mL) were added. 
After stirring at the same temperature for 30 min, (1-bromovinyl)trimethylsilane (179 mg, 1 
mmol, 0.8 equiv) was added and the contents were stirred for 15 min at 0 °C and subsequently at 
60 °C for 24 h. The reaction mixture was then cooled down to room temperature and extracted 
with diethyl ether and washed with ammonium chloride. The combined organic extracts were 
filtered through a pad of Florisil® and washed with diethyl ether. The product 4.5aa was purified 
with column chromatography on silica using light petroleum as mobile phase and isolated as a 
yellow oil (237 mg, 0.843 mmol, 84%). 
1H NMR (500 MHz, CDCl3) δ 6.12 (d, J = 3.5 Hz, 1H), 5.70 (d, J = 3.5 Hz, 1H), 1.09–1.07 (m, 
21H), 0.17 (s, 9H). 
Spectral data are in agreement with the literature.218,219 
1,3-Diphenyl-but-1-yn-3-en (4.5b) 
Following the slightly modified literature procedure.215,218 Oven dried reaction vessel was cooled 
down in the flow of argon. Penylacetylene (102 mg, 1 mmol, 1 equiv), Pd(OAc)2 (5 mg, 0.02 
mmol, 2 mol%), cataCXium A (7 mg, 0.02 mmol, 2 mol%) and dichloromethane (2 mL) were 
added. The reaction mixture was stirred at 50 °C for 2 h. Afterwards, the reaction was cooled 
down to room temperature and the contents were filtered through a pad of silica and washed with 
light petroleum. Product 4.5b was isolated as a yellow oil (71 mg, 0.348 mmol, 70%). 
1H NMR (500 MHz, CDCl3) δ 7.75 – 7.71 (m, 2H), 7.56 – 7.51 (m, 2H), 7.40–7.32 (m, 6H), 5.99 
(d, J = 1.0 Hz, 1H), 5.76 (d, J = 1.0 Hz, 1H). 
Spectral data are in agreement with the literature.247 
5.5.4 Heck reaction between aryl iodide 4.1a and gem-enyne 4.5aa 
1-Iodo-4-methylbenzene (4.1a, 109 mg, 0.5 mmol), enyne 4.5aa (70 mg, 0.25mmol), palladium 
complex 2.1 (4 mg, 0.005 mmol, 2 mol%), Cs2CO3 (82 mg, 0.25 mmol), and water (2 mL) were 
added to the reaction vessel equipped with a stirring bar. Reaction vessel was sealed and the 
contents were stirred while heating at 140 °C for 48 h. Afterwards, the products were extracted 
with ethyl acetate. Combined organic fractions were dried over sodium sulfate and filtered. 
Filtrate was collected and volatiles were evaporated under reduced pressure. Product 4.4aa was 
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purified using preparative TLC with light petroleum as mobile phase and isolated as a yellow oil 
(42 mg, 0.113 mmol, 45%). 
1H NMR (500 MHz, CDCl3) δ 7.97 (d, J = 8.2 Hz, 2H), 7.13–7.10 (m, 2H), 6.77 (s, 1H), 2.35 (s, 
3H), 1.14 (s, 21H), 0.24 (s, 9H). 
Spectral data are in agreement with the literature.218 
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5.6 MECHANISM OF HYDROAMINATION REACTION 
5.6.1 Model reaction 
 
(E)-N,1-Diphenylethan-1-imine (5.3) 
To a stirred solution of phenylacetylene (5.1, 49 mg, 53 μL, 0.48 mmol, 1.2 equiv) and aniline 
(5.2, 37 mg, 37 μL, 0.40 mmol, 1 equiv) in dry dichloromethane, palladium complex 2.1 (6 mg, 
8 μmol, 2 mol%) was added under argon atmosphere. The reaction mixture was stirred at room 
temperature for 48 h. Afterwards, the volatiles were evaporated under reduced pressure. Product 
5.3 was isolated using column chromatography on silica (light petroleum : ethyl acetate = 20:1 
v/v) as orange crystals (75 mg, 0.38 mmol, 96%). 
1H NMR (500 MHz, CDCl3) δ 8.02–7.93 (m, 2H), 7.50–7.40 (m, 3H), 7.39–7.31 (m, 2H), 7.09 
(tt, J = 7.4, 1.2 Hz, 1H), 6.83–6.77 (m, 2H), 2.23 (s, 3H). The data are in agreement with those 
from the literature.248 
5.6.2 Computational details 
All calculations were carried out using DFT as implemented in ORCA 4.0.1.2.249 In our in silico 
investigation we used the slightly-truncated models of the complexes investigated experimentally, 
namely the toluene rings on the ligands were replaced with phenyls, to avoid the extra 
computational time required to funnel out the small energy fluctuations on the potential and free 
energy surfaces due to methyl rotations. These models can be considered a realistic approximation 
based on the assumption that the distant methyl groups, far from the metal centre and without 
significant electronic effects, do not affect the general catalytic properties of the complex and 
overall energy barriers. 
Final geometry optimizations were performed using the hybrid PBE0 functional (sometimes also 
referred as PBE1), which offered the excellent agreement between the calculated equilibrium 
geometries and crystal structures of known Pd-iPEPPSI complexes. In line with our observation 
this functional has also been suggested as the best performing amongst a large set of standard 
functionals for the equilibrium structures of second and third row transition metal 
complexes.250,251 The functional was used in combination with the def2-SV(P) basis set252, the 
def2/J auxiliary basis253 and Def2-ECP relativistic core potentials for Pd254, obtained from 
Turbomole 7.0.2. To accelerate the geometry optimizations we applied the RIJCOSX255 and used 
grids GridX4 and Grid4. 
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Dispersion was taken into account in all calculations, including geometry optimizations, using 
Grimme's D3 method256 in combination with the Becke-Johnson damping scheme,256,257 often 
denoted as D3BJ. Analytical vibrational frequency calculations were carried out at the same level 
of theory that was used for geometry optimizations to confirm that the optimized structures 
correspond to either minima or first-order saddle points (transition state) of the potential energy 
surface and in order to obtain thermodynamic corrections to the electronic energy within the ideal 
gas-rigid rotor-harmonic oscillator approximation at T = 273.15 K. The energies of the optimized 
structures were re-evaluated using triple-ζ basis set def2-TZVPP252 (Def2-ECP still applies for 
Pd)254 using GridX5 and Grid5 and D3 dispersion without approximating the integrals with RI258 
nor RIJCOSX. 
In addition, the energies of the optimized structures were also re-evaluated using the hybrid-meta 
GGA TPSSh259 functional in combination with triple-ζ basis set def2-TZVPP252 (Def2-ECP still 
applies for Pd)254 using GridX5 and Grid5 and D3BJ dispersion, again without approximating the 
integrals with RI nor RIJCOSX. This analysis allows us to directly compare the energy profile of 
the reaction obtained using the two DFT functionals, namely TPSSh and PBE0, which are often 
recommended for the simulation of complexes.260-262 
Solvation energies in dicloromethane as solvent were computed with the latter method, 
approximations and grid using the SMD implicit solvation model.263 While we used the default 
method to create the molecular surface of the solute-solvent boundary, we adjusted the atomic 
radii used to generate the solute surface to the following values: H (1.150 Å), C (1.900 Å), N 
(1.600 Å), Pd (1.450 Å) while the radius and dielectric constant of solvent (dichloromethane) 
were set to 2.33 Å and 8.93 respectively. 
Basis set superposition error (BSSE)264-266 correction was approximated and corrected for using 
the Counterpoise method at the level of theory that was used to re-evaluate the energy, i.e. 
PBE0/def2-TZVPP. For more details see below (p125). 
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5.6.3 Benchmarking the computational methods 
5.6.3.1 Geometry optimizations 
To choose the most reliable computational protocol for equilibrium structures, we directly 
compared simulated geometries to known crystal structures of Pd(Py-tzNHC) complexes,69 
namely 5.A and 5.B. Complex 5.A corresponds to the dimeric form of the complex 2.1 in solid 
state, and 5.B is Pd(Py-tzNHC) complex with a bound acetate anion. Hybrid-DFT is known to 
perform well for organic compounds,267 so the primary focus of our analysis was centred at the 
primary coordination sphere of these systems. 
As evident from the Tables 16–17, the DFT method (PBE0-D3/def2-SV(p)/Grid4,GridX4) 
performs well in reproducing the primary coordination sphere and metal–ligand interactions. It 
was also previously demonstrated that PBE0 functional performs well in optimization of third-
row transition metal complexes.251 
Table 16. Experimental and calculated distances for complex 5.A. Values are in Å. 
Crystal structure information obtained from Ref.69 
 
Bond length (exp.) length (calc.) difference 
Pd–C1avg 1.975 1.989 +0.014 
Pd–N1avg 2.127 2.153 +0.026 
Pd–C2avg 1.977 1.962 –0.014 
Pd–N2avg 2.145 2.153 +0.008 
Pd–Pd' 3.058 2.992 –0.066 
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Table 17. Experimental and calculated distances for complex 5.B. Values are in Å. 
Crystal structure information obtained from Ref.69 
 
Bond Length (exp.) / Å Length (calc.) / Å Δ / Å 
Pd–C1 1.970 1.954 +0.016 
Pd–N 2.123 2.098 +0.025 
Pd–C2 1.981 1.967 +0.014 
Pd–O 2.052 2.062 –0.010 
 
5.6.3.2 Single point calculations 
Comparison of energies obtained using PBE0 or TPSSh functionals are in agreement as evident 
from the energy trajectories in Fig. 63. The results with both functionals are consistent and show 
a feasible energy profile for room temperature hydroamination of alkynes. The limiting barriers, 
namely for C–N bond formation and enamine-imine tautomerism are somewhat lower using 
TPSSh functional as compared to PBE0. However, the tautomerism (5.8→TS5.9/5.10) is the rate 
limiting step in both cases and is approximately 2 kcal mol–1 more demanding (25.0 kcal mol–1 
for PBE0 and 22.7 kcal mol–1 for TPSSh) as compared to C–N bond formation (23.4 kcal mol–1 
for PBE0 and 20.8 kcal mol–1 for TPSSh). Based on the values of the activation barriers, all the 
processes are feasible at room temperature. 
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Figure 63. Energy profiles with PBE0 (black) and TPSSh (red) functionals. The 
overlaying of energy trajectories shows good agreement between different 
computational methods. 
5.6.4 Counterpoisse correction268 
Uncorrected energy of formation for complex AB from separated A and B can be calculated as: 
 Δ𝐸𝑢𝑛𝑐𝑜𝑟𝑟 = 𝐸𝐴𝐵
𝛼𝛽(𝐴𝐵) − 𝐸𝐴
𝛼(𝐴) − 𝐸𝐵
𝛽(𝐵)  (Eq. 4) 
where 𝐸𝑌
𝑍(𝑋) represents energy of species X at geometry of Y with basis set Z. This energy, 
however, is contaminated with basis set superposition error (BSSE).264 Formation energy, free of 
BSSE, according to Boys and Bernardi264, can be calculated according to Eq. (5). 
 Δ𝐸𝐵𝐵 = 𝐸𝐴𝐵
𝛼𝛽(𝐴𝐵) − 𝐸𝐴𝐵
𝛼𝛽(𝐴) − 𝐸𝐴𝐵
𝛼𝛽
(𝐵) (Eq. 5) 
However, the energy in Eq. (5) is missing the energy change from initial geometries of A and B 
to the intermediate geometry AB.269 This energy difference for this deformation is calculated as: 
 Δ𝐸𝑑𝑒𝑓 = 𝐸𝐴𝐵
𝛼 (𝐴) + 𝐸𝐴𝐵
𝛽 (𝐵) − 𝐸𝐴
𝛼(𝐴) − 𝐸𝐵
𝛽
(𝐵)  (Eq. 6) 
BSSE free energy of formation can thus be calculated as the sum of both Eqs. (5) and (6): 
 Δ𝐸𝐶𝑃 = Δ𝐸𝐵𝐵 + Δ𝐸𝑑𝑒𝑓 (Eq. 7) 
Δ𝐸𝐶𝑃 =  𝐸𝐴𝐵
𝛼𝛽(𝐴𝐵) − 𝐸𝐴𝐵
𝛼𝛽(𝐴) − 𝐸𝐴𝐵
𝛼𝛽
(𝐵) + 𝐸𝐴𝐵
𝛼 (𝐴) + 𝐸𝐴𝐵
𝛽 (𝐵) − 𝐸𝐴
𝛼(𝐴) − 𝐸𝐵
𝛽
(𝐵) 
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Expression for (7) can be rewritten to express the difference between uncorrected energy and the 
remaining terms that can be used to calculate BSSE correction (Eq. 8). 
Δ𝐸𝐶𝑃 =  𝐸𝐴𝐵
𝛼𝛽(𝐴𝐵) − 𝐸𝐴
𝛼(𝐴) − 𝐸𝐵
𝛽(𝐵) + 𝐸𝐴𝐵
𝛼 (𝐴) + 𝐸𝐴𝐵
𝛽 (𝐵) − 𝐸𝐴𝐵
𝛼𝛽(𝐴) − 𝐸𝐴𝐵
𝛼𝛽(𝐵) 
 Δ𝐸𝐶𝑃 = Δ𝐸𝑢𝑛𝑐𝑜𝑟𝑟 + 𝐵𝑆𝑆𝐸  (Eq. 8) 
Thus, the BSSE correction can be calculated according to Eq. (9). 
 𝐵𝑆𝑆𝐸 = 𝐸𝐴𝐵
𝛼 (𝐴) + 𝐸𝐴𝐵
𝛽 (𝐵) − 𝐸𝐴𝐵
𝛼𝛽(𝐴) − 𝐸𝐴𝐵
𝛼𝛽(𝐵)  (Eq. 9) 
In the current multistep mechanistic proposal, it was necessary to correct the first, second and last 
steps of the reaction mechanism. BSSE corrections as well as uncorrected energies and final 
counterpoise corrected energies for adduct formations are given in Table 18. The energies of 
intermediates and transition states between structure 5.5 and 5.10 with complete number of 
participating atoms can be assumed to be BSSE free with respect to 5.5. 
Table 18. Counterpoise correction for dimer formations. Values are in kcal mol–1. 
Reaction BSSE ΔEuncorrected ΔECP 
2.1' + 5.1 → 5.4 0.5 –18.3 –17.8 
5.2 + 5.4 → 5.5 0.9 –25.4 –24.4 
2.1' + 5.3 → 5.10 0.8 –32.9 –32.1 
 
5.6.5 Alternative mechanistic pathways 
Multiple scenarios considering different reaction step sequences were considered in addition to 
the reaction mechanism described in Fig. 58 (p71). Based on the results below, the mechanism 
starting with coordination of phenylacetylene (5.1) to palladium complex (2.1') is the most 
plausible among the various mechanistic alternatives. 
5.6.5.1 Amine initiated hydroamination 
In addition to phenylacetylene 5.1, aniline 5.2 can also act as nucleophile and can compete with 
5.1 for initial coordination to cationic palladium complex 2.1'. Intermediate 5.11 in which aniline 
5.2 is coordinated to palladium complex 2.1' returned Gibbs free energy of 4.9 kcal mol–1 relative 
to the initial reactants. As evident from Fig. 64, this structure is slightly more stable than 
intermediate 5.4 (6.4 kcal mol–1)with initially coordinated phenylacetylene 5.1 to Pd. However, 
all the reasonable options presented in Fig. 64 towards the final product seem to be significantly 
higher in energy ruling out the operation of these steps. 
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Figure 64. Alternative reaction mechanism initiated by coordination of aniline. The 
calculated stationary points, namely TS5.11/5.8 and TS5.12/5.13 are relatively high in energy, 
ruling out the operation of these pathways. Gibbs free solvation energies in parentheses 
are in kcal mol–1. 
5.6.5.2 Inner-sphere reaction pathway 
Another mechanistic sequence that was considered traverses the cis-palladated intermediate 5.14. 
This high energy intermediate at 23.4 kcal mol–1 indicates that reaction pathway in this direction 
is located relatively uphill compared to the ‘monocoordinated’ pathway in Fig. 58 (p 71). Indeed, 
successive deprotonation of aniline with pyridine to facilitate the sequential C–N bond formation 
leads to the intermediate 5.15 that is located at +46.7 kcal mol–1 as demonstrated in Fig. 65a. 
Alternatively, if a C–N bond formation is to occur prior to deprotonation of aniline, a geometry 
scan revealed that transition state TS5.14/5.16 should be located at energies somewhat higher than 
50 kcal mol–1.  
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Figure 65. Inner-sphere reaction pathway with palladium intermediate 5.14. a 
Deprotonation of aniline by pyridine sidearm. b C–N bond formation towards 5.16. 
Both processes are associated with high activation barriers. Gibbs free solvation 
energies in parentheses are in kcal mol–1. 
5.6.6 Enamine-imine tautomerism 
The comparison of results for different tautomerism pathways (Figs. 66–68) revealed that the role 
of palladium as well as pyridine sidearm is crucial for the efficient formation of imine. 
5.6.6.1 Uncatalysed sigmatropic rearrangement 
Direct enamine-imine tautomerism was also evaluated as an elementary step of sigmatropic 
rearrangement of hydrogen from nitrogen to the unsaturated carbon terminus. The instability of 
the transition-state revealed a high activation energy (>50 kcal mol–1, Fig. 66) for the uncatalysed 
[1,3]-sigmatropic hydride transfer rendering it practically non-operative at room temperature. 
 
Figure 66. Sigmatropic rearrangement of hydrogen. Uncatalysed sigmatropic 
rearrangement of hydrogen is associated with high activation energy. Corresponding 
Gibbs free solvation energies in parentheses are in kcal mol–1. 
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5.6.6.2 Deprotonation with aniline 
Aniline mediated proton transfer is associated with relatively high activation barrier. Energies of 
transition states can be approximated with the ionic intermediates, which renders the process non-
operative at room temperature. 
 
Figure 67. Aniline mediated proton transfer. Corresponding Gibbs free solvation 
energies in parentheses are in kcal mol–1. 
5.6.6.3 Concerted proton transfers between two enamine molecules 
Due to the significant structural confinement, we were unable to locate a transition state for the 
typical concerted mechanism. Only one of the protons can move at a time, while the other retreats 
away from the carbon atom. As such, the barrier for the process is relatively high (41.4 kcal mol–
1) and non-operative at room temperature (Fig. 68). 
 
Figure 68. Concerted enamine-enamine tautomerism to imine. Corresponding 
Gibbs free solvation energies in parentheses are in kcal mol–1. 
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RAZŠIRJEN POVZETEK V SLOVENŠČINI 
HOMOGENA KATALIZA 
Pojem katalize je v 19. stoletju opredelil švedski znanstevnk Jöns Jacob Berzelius. Katalizator je 
pri tem definiral kot snov, ki pospeši hitrost kemijske reakcije, brez da bi se tekom nje porabil. 
Katalizirana reakcija poteka hitreje in učinkoviteje, z manjšim vložkom energije, doseže boljše 
izkoristke, (stereo)selektivnost, z manj stranskih in odpadnih produktov, ipd.1 Opisane prednosti 
so botrovale temu, da več kot 90% proizvodnih procesov, kar v okviru evropskega gospodarstva 
predstavlja približno 30% evropskega bruto družbenega proizvoda, vključuje vsaj eno 
katalizirano stopnjo.2 
V kemiji pojem homogena kataliza povezujemo s procesi, v katerih se tako katalizator kot tudi 
reagenti nahajajo v isti fazi. To pomeni da so katalizator in reagenti običajno solvatirani v topilu. 
Področje katalize komplementarno dopolni pojem heterogena kataliza, pri kateri se katalizator 
nahaja v različni fazi kot reagenti. Med obema tipoma katalize je nekaj fundamentalnih razlik, 
zaradi česar se razlikujeta v primernosti uporabe. Reakcije v homogenih sistemih potekajo enako 
ne glede na položaj v sistemu in so bolj predvidljive za optimizacijo ter izvajanje mehanističnih 
študij. Po drugi strani lahko v homogenih sistemih težavo predstavlja ločba produktov, ki je v 
heterogenih sistemih praviloma enostavnejša. Razumevanje in načrtovanje heterogenih sistemov 
je zahtevnejše in zahteva dober vpogled v lokalizirane procese na površini katalizatorja. 
Izboljšanje katalitskih procesov je mogoče skozi izboljšavo učinkovitosti katalizatorjev. To je 
mogoče doseči z optimizacijo pomožnih molekul (ligandov), ki katalizator stabilizirajo, 
načrtovanjem (pred)katalizatorjev ali skozi razumevanje reakcijskih mehanizmov, v katerih 
katalizatorji delujejo. Zgodba te doktorske disertacije se tako srečuje z vsemi od navedenih 
možnosti izboljšave homogenih kemijskih procesov skozi razvoj novih ligandov za pripravo 
učinkovitejših katalizatorjev ter obravnavo konkretnih s paladijem kataliziranih reakcij s 
poudarkom na funkcionalizaciji terminalnih acetilenov. 
NOVI PREKURZORJI ZA N-HETEROCIKLIČNE 
KARBENE 
N-Heterociklični karben (NHC) je molekula, v kateri je karbenski atom z dvema neveznima 
valenčnima elektronoma del heterocikličnega ogrodja. Prisotnost sosednjih heteroatomov v 
primeru NHC poveča stabilnost sicer reaktivnega ogljikovega atoma, poleg tega pa vpliva na 
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elektronsko konfiguracijo, tako da se elektrona razporedita v elektronski par s singletnim spinom. 
Zaradi prostega elektronskega para so NHC spojine dobri ligandi za kovine prehoda.6,8,9 Na tem 
področju predstavljajo konkurenčno alternativo širše uveljavljenim fosfinskim ligandom. V 
primerjavi s fosfini imajo NHC namreč izrazito močnejši elektrondonorski značaj, ki je 
bistvenega pomena za stabilizacijo nizkih oksidativnih stanj centralnih kovinskih atomov.  
Med NHC spojinami so se za posebej zanimive izkazali 1,2,3-triazol-5-ilideni (tzNHC), ki imajo 
v seriji karbenov največji elektrondonorski značaj. Njihova priprava poteka iz ustreznih 1,2,3-
triazolijevih soli. Med trenutno dostopnimi 1,2,3-triazolijevimi solmi so najbolj razširjeni analogi 
pripravljeni z alkiliranjem široko dostopne skupine klik triazolov (R3 = alkil).  
Postopkov za pripravo aril substituiranih analogov (R3 = aril) ni veliko oziroma so relativno 
nerazviti in omejeni predvsem na pripravo simetričnih analogov (R1 = R3) z 1,3-dipolarno 
cikloadicijo in situ generiranih azoniaalenijevih soli in alkinov.50,57,58 Postopkov za ariliranje 
triazolov (slika 1c) ni veliko in zajemajo ariliranje 1,5-disubstituiranih 1,2,3,-triazolov z aril 
bromidi59 ter ariliranje 1,4-klik triazolov z uporabo aktiviranih derivatov aril halogenidov, 
natančneje diariljodonijevih soli.60,61 
Tekom doktorskega dela smo razvili robustno metodo za ariliranje triazolov 1.1 z uporabo 
asimetričnih aril(mezitil)jodonijevih soli 1.2 s segrevanjem reakcijske zmesi v prisotnosti CuSO4 
pod pogoji brez topil. Uporabnost metode smo pokazali na širokem naboru substratov iz 5 skupin 
triazolov (1.1A–E). Splošna shema reakcije je prikazana na sliki 2. 
 
Slika 2. Ariliranje triazolov 1.1 z jodonijevimi solmi 1.2. 
Nabor 15 triazolijevih soli 1.3A brez heterocikličnih substituentov (R1, R2 = aril) smo v povprečju 
pripravili z odličnimi izkoristki (>90%) ne glede na elektronske efekte substituentov tako na 
triazolu 1.1A kot na jodonijevi soli 1.2. Izkoristek je bil nekoliko slabši zgolj v primeru uvedbe 
arilne skupine z dimetilaminskim substituentom (32%). Produkte smo okarakterizirali z jedrsko 
magnetno resonanco (NMR), masno spektrometrijo visoke ločljivosti (HRMS), infrardečo 
spektroskopijo (IR) in določanjem tališča. Potek ariliranja na N-3 dušikovem atomu smo potrdili 
tudi s pripravo monokristala enega od produktov in določitvijo njegove prostorske strukture z 
rentgensko difrakcijo. Preparativno uporabnost metode smo pokazali z izvajanjem reakcije na 
večji, 2 mmol skali, kjer smo želeno triazolijevo sol prav tako izolirali z visokim izkoristkom 
(94%). 
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Metodo smo uspešno uporabili tudi za pripravo heterocikličnih derivatov triazolijevih soli 1.3B, 
1.3C in 1.3D s piridinskim oziroma pikolinskim substituentom, katerih splošne sturkture so 
prikazane na sliki 3. V primeru produktov 1.3B in 1.3D so bili izkoristki nekoliko slabši kot v 
primeru soli 1.3A zaradi nastanka stranskih produktov z ariliranjem heterocikličnega substituenta. 
Produkti s pikolinskim substituentom (1.3C) so nastajali selektivno brez tvorbe stranskih 
produktov in smo jih lahko izolirali z odličnimi izkoristki. Pri tem je smiselno izpostaviti, da gre 
za prvi primer sinteze 4-piridilsubstituiranih triazolijevih soli, ki s prej opisanimi literaturnimi 
postopki57 niso bile dostopne. Prav tako so dostopne tudi asimetrično substituirane triazolijeve 
soli, ki jih z metodo po Bertrandu57 zaradi uporabe triazenov in težav z regioselektivnostjo ni 
mogoče pripraviti. 
 
Slika 3. S piridinom funkcionalizirane triazolijeve soli 1.3B–D. V oklepajih so 
podani izkoristki izoliranih produktov. 
Postopek za ariliranje je omogočil tudi pripravo triazolijeve soli 1.3E, prikazane na sliki 4. Gre 
za derivat TBTA (1.1E), ki je uporaben tetradentatni ligand, vendar ga predhodno s postopki za 
alkiliranje ni bilo mogoče pretvoriti v ustrezno triazolijevo sol. Produkt 1.3E tako predstavlja 
zanimiv prekurzor za pripravo trikarbenskega liganda. 
 
Slika 4. Ariliranje TBTA do trojne triazolijeve soli 1.3E. 
V nadaljevanju smo postopek za ariliranje razvili v učinkovit ‘one-pot’ postopek za pripravo 
triazolijevih soli iz organskega azida (1.4), acetilena (1.5) in jodonijeve soli (1.2b), prikazanega 
na sliki 5a. Reakcijo je omogočila uporaba termično stabilnega bakrovega(I) kompleksa, 
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[CuBr(PPh3)3]. Postopek smo razširili še v ‘one-pot’ sintezo triazolijevih soli iz izhodnega 
natrijevega azida, acetilena (1.5) in simetrične jodonijeve soli (1.2), prikazano na sliki 5b. Na ta 
način se je mogoče izogniti uporabi potencialno eksplozivnih organskih azidov. 
 
Slika 5. ‘One-pot’ sinteza triariliranih triazolijevih soli. a Reakcija z organskim 
azidom (1.4), acetilenom (1.5) in jodonijevo soljo (1.2b) v prisotnosti termično 
stabilnega bakrovega(I) kompleksa. b Reakcija uspešno poteče tudi z uporabo 
natrijevega azida, acetilena (1.5) in simetrične jodonijeve soli 1.2. 
NOVI KOMPLEKSI S TRIARILIRANIMI tzNHC 
Zaradi prej omenjenih močnih elektrondonorskih lastnosti tzNHC so raziskave intenzivno 
potekale v smeri priprave kompleksov s prehodnimi kovinami in študiju njihovih katalitskih 
lastnosti. Postopke za pripravo tzNHC kompleksov je mogoče razdeliti v tri skupine: (a) direktno 
deprotoniranje z bazo in koordincija in situ tvorjenega karbena, (b) tvorba srebrovega NHC 
kompleksa s sledečo transmetalacijo na ustrezen kovinski prekurzor ter (c) direktno metaliranje. 
Najbolj uveljavljena sta postopka z deprotoniranjem triazolijeve soli ter z uporabo srebrovega(I) 
oksida, ki ju shematično prikazuje slika 6.51 
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Slika 6. Postopki za pripravo kovinskih tzNHC kompleksov. a Priprava karbena z 
deprotoniranjem triazolijeve soli in sledečo vezavo na kovinski prekurzor. b Sinteza 
preko transmetalacije z Ag-NHC. 
Med kovinskimi tzNHC kompleksi so zlasti pomembni Pd-tzNHC, ki so se na področju kemijske 
sinteze uveljavili pri katalizi različnih reakcij. Pri tem je Organ s sodelavci na primeru 
kompleksov s slike 7a ugotovil, da piridin v vlogi dodatnega liganda močno poveča stabilnost 
paladijevih kompleksov, prav tako pa poveča tudi katalitsko aktivnost kompleksov.62 Prednosti 
uporabe piridina v Pd-NHC kompleksih so povzeli v termin PEPPSI, ki prevedeno pomeni s 
piridinom izboljšano pripravo, stabilizacijo in iniciacijo predkatalizatorjev. 
 
Slika 7. Razvoj Pd-PEPPSI kompleksov. a Prvi PEPPSI kompleks.62 b iPEPPSI 
kompleksi z imidazol-2-ilideni.63-66 c PEPPSI kompleksi z aNHC.67,68 
Pd-NHC kompleksi so se uveljavili kot učinkoviti katalizatorji za širok nabor kemijskih reakcij, 
med katerimi so pomembnejše alilna alkiliranja, kopolimerizacije,70 oksidacije,71 redukcije,72,73 
telomerizacije, hidrofunkcionalizacije74 in reakcije spajanja.75 Študije Pd-PEPPSI kompleksov so 
pokazale, da tekom katalitskih procesov piridin disociira s kovine, kar vodi v razpad katalitskih 
zvrsti in posledično znižanje katalitske aktivnosti. Razvoj novih ligandov za stabilnejše 
komplekse je vodil v sintezo spojin z vezano piridinsko skupino, prikazanih na sliki 7b. Za 
razlikovanje med kompleksi s prostim oziroma vezanim piridinskim ligandom se je za slednje 
uveljavila oznaka iPEPPSI. 
Pd-PEPPSI komplekse so pripravili tudi s tzNHC. V primeru molekul s strukturo, prikazano na 
sliki 7c, so potrdili, da večji σ-donorski značaj tzNHC bistveno izboljša katalitsko aktivnost 
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napram imidazol-2-ilidenskih analogov.67,68 Logično nadaljevanje razvoja Pd-tzNHC 
kompleksov predstavlja kompleks 2.1 s tzNHC ligandom, v katerem je piridinski substituent del 
molekule (Py-tzNHC). Njegova sinteza je prikazana na sliki 8a.69 
Tekom doktorskega dela smo se ukvarjali s pripravo kompleksov z uporabo novih, ariliranih 
derivatov triazolijevih soli 1.3B. Poskusi priprave paladijevih kompleksov 2.2 s solmi 1.3B so 
bili neuspešni. Pri sintezi je namreč vedno nastala zmes produktov, ki jih ni bilo mogoče ločiti s 
standardnimi separacijskimi tehnikami. 
 
Slika 8. Sinteza Pd-iPEPPSI kompleksov. a Sinteza paladijevega kompleksa z 
metilnim derivatom Py-tzNHC vodi do kompleksa 2.1 v katerem so ligandi vezani v 
cis- konformaciji. b Poskus priprave kompleksov z ariliranimi derivati triazolijevih soli 
(1.3B) je vodil do nastanka zmesi paladijevih kompleksov 2.2. 
Kompleksi z rutenijem in iridijem 
Uporaba iPEPPSI ligandov pa ni omejena zgolj na paladijeve komplekse. V literaturi so opisani 
zanimivi primeri kompleksov z železom,77 rutenijem,51,59,78-88 osmijem,79,81 kobaltom,89 
iridijem,51,79,81,84,90-97 nikljem,98 platino99 ali bakrom100 kot centralnim atomom. Med njimi so 
najbolj razširjeni rutenijevi(II) in iridijevi(III) kompleksi in v literaturi je mogoče najti veliko 
podatkov o katalitski aktivnosti v reakcijah oksidacij in redukcij, kar omogoča natančno 
primerjavo aktivnosti kompleksov z novimi ligandi.76 
Triazolijeve soli 1.3B smo uporabili za sintezo novih Ru-iPEPPSI (2.3) in Ir-iPEPPSI (2.4) 
kompleksov. Mešanje raztopine izbrane triazolijeve soli 1.3B v prisotnosti Ag2O je vodilo do 
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nastanka Ag-NHC kompleksa, ki se je v prisotnosti kovinskega prekurzorja transmetaliral na 
želen centralni atom. Na ta način smo z dobrimi izkoristki pripravili vrsti RuII in IrIII kompleksov 
z različnimi elektronskimi efekti NHC ligandov. Njihove strukture in izkoristki priprave so 
razvidni iz tabel 1 in 2. V nizu Ir kompleksov smo s karakterističnim predstavnikom 2.4a 
pripravili tudi monokristal in potrdili njegovo strukturo z rentgensko difrakcijsko analizo. 
Tabela 1. Rutenijevi kompleksi 2.3 z novo serijo ariliranih Py-tzNHC ligandov. 
 
Vnos Izhodna sol Produkt R1 R3 η / % 
1 1.3Ba 2.3a Me H 83 
2 1.3Bj 2.3b OMe OMe 85 
3 1.3Bl 2.3c NO2 OMe 85 
 
 
Tabela 2. Iridijevi kompleksi 2.4 z novo serijo ariliranih Py-tzNHC ligandov. 
 
Vnos Izhodna sol Produkt R1 R3 η / % 
1 1.3Ba 2.4a H H 81 
2 1.3Bb 2.4b Me H 88 
3 1.3Bd 2.4c Me CF3 84 
4 1.3Bj 2.4d OMe OMe 82 
5 1.3Bl 2.4e NO2 OMe 85 
 
 
Hidrogeniranje s prenosom vodika 
Izbrane predstavnike kompleksov 2.3 in 2.4 smo uporabili v modelni reakciji hidrogeniranja 
benzofenona (2.5) s prenosom vodika kot prikazuje slika 2. To je omogočilo direktno primerjavo 
rezultatov s predhodnimi študijami katalitske aktivnosti Ru in Ir kompleksov z alkiliranimi 
analogi NHC.81,212 Rezultati redukcij benzofenona (2.5) so pokazali, da so rutenijevi kompleksi 
2.3 učinkovitejši od njihovih metiliranih analogov za približno 70%. To je mogoče pripisati večji 
stabilnosti kompleksov s stabilnejšimi triariliranimi NHC ligandi. Iridijevi kompleksi, ki so v 
splošnem manj aktivni za katalizo tovrstne reakcije, so z uvedbo ariliranih NHC derivatov v 
kompleksih 2.4 pokazali zgolj 8% boljšo katalitsko aktivnost. 
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Slika 9. Hidrogeniranje s prenosom vodika katalizirano z novima generacijama 
kompleksov rutenija (2.3) in iridija (2.4). 
MEHANIZEM SONOGASHIROVE REAKCIJE BREZ 
BAKRA 
S paladijem katalizirane reakcije spajanja predstavljajo enega najpomembnejših sinteznih 
pristopov v organskem laboratoriju zaradi omogočene tvorbe C–C oziroma C–heteroatom vezi. 
V splošnem se v prisotnosti paladijevega katalizatorja tvori nova vez med organskim elektrofilom 
in organokovinskim nukleofilom kot prikazuje slika 10a. V vlogi organskih elektrofilov običajno 
nastopajo aril ali vinil halogenidi ter psevdohalogenidi. Na drugi strani so se tekom razvoja reakcij 
spajanja uveljavili različni organokovinski reagenti. Po odkriteljih se tako reakcije glede na 
prisotnost pomožne kovine imenujejo Suzuki-Miyaura, Stille, Negishi, Kumada, Hiyama-
Denmark in Sonogashira spajanje, v katerih po navedenem vrstnem redu nastopajo bor, kositer, 
cink, magnezij, silicij in baker.102 
 
Slika 10. Reakcije spajanja. a Splošna reakcijska shema reakcije spajanja. Uporabljen 
organokovinski regent določa ime reakcije. b Splošen reakcijski mehanizem reakcij 
spajanja obsega oksidativno adicijo, transmetalacijo in reduktivno eliminacijo. 
Kljub na videz različnim reakcijskim postopkom pa vse omenjene reakcije združuje podoben 
reakcijski mehanizem, ki ga v splošni obliki prikazuje slika 10b. Reakcija se začne z aktivacijo 
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organskega elektrofila z oksidativno adicijo (OA) na paladijev katalizator A in tvorbo 
oksidativnega adukta B. Ta v reakciji transmetalacije (TM) z organokovinskim reagentom C vodi 
do intermediata D. Tvorba vezi med želenima organskima skupinama v stopnji reduktivne 
eliminacije (RE) vodi do produkta in regeneriranega katalizatorja A. 
Funkcionalizacijo terminalnih acetilenov omogoča Sonogashirova reakcija. V originalnem 
postopku iz leta 1975 prisotnost bakrovega kokatalizatorja omogoča potek pod blagimi 
reakcijskimi pogoji. Kljub temu so kmalu opazili več neželenih posledic uporabe bakrovih(I) soli 
za spajanjari acetilenov. Bakrove(I) soli so relativno nestabilne in se v prisotnosti zračnega kisika 
oksidirajo do bakrovih(II) zvrsti, hkrati pa poteče tudi homodimerizacija acetilenov do Hay-
Glaserjevih produktov, ki znižujejo izkoristke in povzročajo izgubo dragocenih acetilenskih 
reagentov. Poleg tega so bakrove soli tudi toksične in okoljsko obremenjujoč odpadek. V izogib 
opisanim neželenim posledicam uporabe bakra so se raziskave usmerile v razvoj postopkov za 
Sonogashirovo reakcijo brez bakra. Vzporedno z novimi postopki Sonogashirove reakcije brez 
bakra so se pojavili tudi različni predlogi razlage reakcijskega mehanizma, ki pa so ostali na 
teoretičnih predpostavkah brez konkretnih eksperimentalnih dokazov.150-160 
V sklopu disertacije smo s kombinirano eksperimentalno-DFT študijo dokazali, da Sonogashirova 
reackija brez bakra poteka preko dveh paladijevih katalitskih ciklov, ki ju povezuje stopnja 
transmetalacije. Splošen mehanizem Sonogashirove reakcije brez uporabe bakra je prikazana na 
sliki 11. 
 
Slika 11. Splošen mehanizem Sonogashirove reakcije brez bakra. 
Postopek dokazovanja reakcijskega mehanizma se v prvi stopnji obsegal izbiro ter analizo 
modelnih reakcij in identifikacijo reakcijskih intermediatov. Za modelni reakciji smo izbrali 
spajanje jodotoluena (3.1) in fenilacetilena (3.2) v prisotnosti paladijevih fosfinskih kompleksov 
pod dvojimi različnimi pogoji. V prvem primeru (Reakcija a) smo v vlogi Pd0 (pred)katalizatorja 
uporabili komercialno dostopen [Pd(PPh3)4] v prisotnosti NaOMe kot baze v polarnem DMF. V 
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Reakciji b smo kot PdII (pred)katalizator uporabili [PdCl2(PPh3)2] v prisotnosti pirolidina v 
nepolarnem diklorometanu. 
Uporaba komplementarnih 1D in 2D NMR ter HRMS tehnik je omogočila identifikacijo ključnih 
reakcijskih intermediatov. Tako v primeru uporabe Pd0 kot PdII sistemov smo opazili prisotnost 
oksidativnega adukta 3.4 (analog B) in paladijevega acetilida 3.6 (analog F), ki sta ključna za 
potek reakcije po predlaganem bicikličnem mehanizmu s slike 11. Poleg tega smo v reakcijski 
zmesi identificirali in karakterizirali tudi intermediat 3.5, ki ustreza trans-C v predlaganem 
mehanizmu in po trans-cis izomerizaciji lahko neposredno vodi do željenega produkta 3.3. V 
reakcijski zmesi smo identificirali tudi nekaj ostalih spojin, ki jih je mogoče pojasniti v okviru 
predlaganega mehanizma in ustrezajo reakcijam z izmenjavo ligandov. 
V podporo statični analizi reakcijskih zmesi smo izvedli dinamično 1H in 31P NMR analizo poteka 
katalitske reakcije med substratoma 3.1 in 3.2 ter jo primerjali s potekom izolirane stopnje 
transmetalacije med oksidativnim aduktom 3.4 in paladijevim acetilidom 3.6. Analiza je pokazala 
tudi primerljive hitrosti za tvorbo produkta 3.3 med obema procesoma. Prav tako je bila reakcija 
med oksidativnim aduktom 3.4 in acetilenom 3.2, ki ustreza prejšnjim mehanističnim 
predpostavkam, v začetku bistveno počasnejša oziroma ni potekala. 
Izvedli smo tudi kinetično analizo katalitske reakcije pod pogoji za Reakcijo a in določili, da gre 
za reakcijo prvega reda glede na paladij. Izmerjeni podatek se sklada s psevdo-prvim redom, ki 
ga je v primeru Reakcije a mogoče razložiti kot posledico presežne količine 3.4 napram 3.6. 
Dejstvo, da je transmetalacija proces, ki lahko poteka pri sobnih pogojih, je potrdila tudi natančna 
DFT analiza z opredelitvijo energij ključnih stacionarnih stanj vzdolž reakcijske koordinate.  
Kombinacija vseh uporabljenih metod je tako pokazala, da je Sonogashirova reakcija brez bakra 
poteka po predlaganem mehanizmu s slike 11, poleg tega pa so ostali predlagani mehanizmi v 
literaturi napačni oziroma osnovani na nerealnih predpostavkah. 
1,2,4-TRISUBSTITUIRANI-1,3-ENINI 
Spojine s prisotno acetilenskim (C≡C) in olefinskim (C=C) strukturnim elementom se imenujejo 
enini. V primeru konjugiranih trojne in dvojne vezi gre za 1,3-enine. Ti so zaradi prisotnosti dveh 
strukturnih elementov zanimivi za organsko sintezo, poleg tega pa se eninski strukturni element 
nahaja v nekaterih biološko pomembnih spojinah. 
1,3-Enine (4.4) smo opazili kot stranske produkte v primeru Sonogashirove reakcije sililnega 
TIPS-acetilena (4.2a), katalizirane s kompleksom 2.1. Reakcijo smo poskušali razširiti še na 
aromatski fenilacetilen (4.2b), vendar je bila reaktivnost le-teh nekoliko drugačna in je zahtevala 
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uporabo fosfinskih Pd katalizatorjev. Postopki optimizacije so kljub temu vodili do največ 30% 
pretvorb. 
Poznavanje reakcijskih mehanizmov omogoča dodaten vpogled v potek reakcije in načrtovanje 
reakcijskih pogojev. V ta namen smo preverili ali je tvorba eninov 4.4 mogoča po katerem od 
sekvenčnih postopkov, prikazanih na sliki 12. Intermediata 4.3 in 4.5 je mogoče v skladu z 
literaturo mogoče predpostaviti glede na uporabljene reakcijske pogoje. V prisotnosti kompleksa 
2.1 oz Pd fosfinskih katalizatorjev uspešno poteka Sonogashirova reakcija do 4.3. Prav tako je že 
opisana homodimerizacija aromatskih acetilenov do 4.5.  
 
Slika 12. Mehanistične predpostavke za reakcijo tvorbe eninov 4.4. 
Kljub temu se je pri izvajanju sekvenčnih reakcij z uporabo 4.3 oziroma 4.5 izkazalo, da tvorba 
4.4 ni tako enostavna. Aktivacija internih acetilenov 4.3 običajno ne poteka v prisotnosti 
paladijevih katalizatorjev in pogojev za reakcijo z njimi nismo uspeli najti. Po drugi strani je 
dimerizacija aromatskega fenilacetilena (4.2b) do 4.5b potekla v skladu z literaturo, vendar je 
nadaljnjo reakcijo ovirala njihova temperaturna nestabilnost. Priprava sililnega derivata 4.5a 
(R2=TIPS) ni bila mogoča z direktno dimerizacijo, pač pa po ločenem postopku. Nadaljnja 
Heckova reakcija med geminalnim eninom 4.5aa in aril jodidom 4.1a, prikazana na sliki 13, je 
bila uspešna in potrdila, da lahko tvorba sililnih produktov 4.4a poteka kot sekvenčna reakcija 
homodimerizacije–Heckovega spajanja. 
 
Slika 13. Heckovo spajanje sililnega derivata gem-enina. 
Mehanistična študija tvorbe eninov 4.4 je pokazala, da ti v primeru sililnih derivatov lahko 
potekajo kot zaporedje sekvenčnih procesov prikazanih v Poti b (slika 12). Tvorba aromatskih 
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derivatov je nekoliko bolj kompleksna in verjetno vključuje alternativne reakcijske poti, ki lahko 
vključujejo intermediate brez disociacije s kovine. 
HIDROAMINIRANJE ACETILENOV S PD-iPEPPSI 
KOMPLEKSOM 
Acetilene je mogoče uporabiti tudi v reakciji hidroaminiranja, kjer vodijo do nastanka iminov. 
Imini so dušikove organske spojine, ki so prav tako kot acetileni pomembni sintezni elementi v 
postopkih organske sinteze in pripravi naravnih ter biološko aktivnih spojin. Ker je reakcija 
kinetično zahtevna, so za katalizo uporabljeni različni kompleksi prehodnih kovin.175,176 Katalitski 
postopki, ki uporabljajo paladijeve komplekse so relativno redki in zahtevajo uporabo aditivov 
ter povišanih reakcijskih temperatur.177-188 
Po uspehu Pd-iPEPPSI kompleksa 2.1 za katalizo Sonogashirove reakcije v vodi, smo njegovo 
aktivnost preverili tudi za reakcijo hidroaminiranja fenilacetilena 5.1 z anilinom 5.2. Tvorba 
imina 5.3 je z odličnim izkoristkom potekla že pri sobni temperaturi brez uporabe aditivov.211,223 
Da bi lahko pojasnili opaženo izjemno katalitsko aktivnost kompleksa 2.1 za hidroaminiranje 
acetilenov smo se odločili natančneje preučiti mehanizem reakcije. Ker pri reakciji s standardnimi 
NMR tehnikami nismo detektirali nobenih intermediatov, je rešitev predstavljala uporaba 
kvantnomehanskih DFT izračunov za ovrednotenje verjetnosti tvorbe določenih intermediatov in 
prehodnih stanj. 
Najverjetnejši potek reakcije hidroaminiranja fenilacetilena 5.1 do imina 5.3 v prisotnosti 2.1 je 
prikazan na sliki 14. Reakcija se prične s koordinacijo acetilena na paladijev kompleks s sočasno 
disociacijo enega od piridinskih substituentov Py-tzNHC liganda. Nastane η2-kooridinan adukt 
acetilena na Pd kompleks 5.4. Za razliko od prejšnjih generacij Pd-iPEPPSI kompleksov, v tem 
primeru piridin ostane v relativni bližini kovinskega centra in s tem tvori katalitski žep z več 
reaktivnih centrov. V nadaljevanju sledi napad anilina (5.2) na aktivirano trojno vez v 5.4 in 
tvorba intermediata 5.5. Prej omenjeni piridin v katalitskem žepu omogoči deprotoniranje protona 
iz dušikovega atoma s presežnim pozitivnim nabojem v 5.5 in preko 5.6 vodi v stabilizacijo 
sistema s prenosom protona na karbanionski center ob dvojni vezi in tvorbo intermediata 5.7. 
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Slika 14. Izračunani mehanizem hidroaminiranja acetilenov v prisotnosti 2.1. 
Za tvorbo želenega produkta 5.3 mora poteči še formalna enamin-imin tavtomerizacija. Za 
najugodnejši se je izkazal potek preko intermediata 5.8, ki nastane s formalnim C/N preklopom 
koordinacije enaminskega produkta. Prenos drugega protona predstavlja tavtomerizacijo in je 
prav tako omogočen zaradi reletivne bližine piridinskega substituenta v Py-tzNHC, ki deluje kot 
interna baza. Dvostopenjski proces se zaključi s tvorbo intermediata 5.10, v katerem je želeni 
iminski produkt (5.3) koordiniran na Pd. Po disociaciji preko trigonalnega bipiramidalnega 
prehodnega stanja in sočasni re-koordinaciji piridina se tvori prost produkt 5.3 in regeneriran 
katalizator 2.1. 
Z DFT analizo reakcijskega mehanizma smo pokazali ključno, aktivno vlogo piridinskega 
substituenta v Pd-iPEPPSI kompleksih. Tovrstni ligandi tako poleg statične stabilizacijske vloge 
v katalitskih procesih lahko delujejo tudi aktivno v vlogi interne baze in omogočajo prenose 
protonov. 
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ZAKLJUČEK 
Končne rezultate doktorske disertacije je mogoče zbrati v naslednjih točkah: 
 Učinkovita metoda za ariliranje ‘klik’ triazolov, ki vodi do nastanka N-3 ariliranih 1,2,3-
triazolijevih soli. Prednost metode pred literaturno opisanimi postopki je visoka toleranca 
do funkcionalnih skupin in možnost priprave heterocikličnih in asimetrično substituiranih 
produktov. 
 Priprava nove serije triazolijevih soli s piridinskim substituentom je bila uspešna z 
dobrimi izkoristki. 
 Razvit postopek za sintezo s piridinom funkcionaliziranih triazolijevih soli iz organskih 
azidov, acetilenov in jodonijevih soli v prisotnosti bakrovih katalizatorjev. Postopek je 
bil razširjen tudi na reakcijo izhajajoč iz acetilena, natrijevega azida in simetrične 
jodonijeve soli. 
 Ariliranje z jodonijevimi solmi je omogočilo pripravo ariliranega analoga tris[(1-benzil-
1H-1,2,3-triazol-4-il)metil]amina (TBTA). Triazolijeve soli iz TBTA so bile predhodno 
nedostopne s postopki za alkiliranje. Arilirani produkti bodo zlasti zanimivi za pripravo 
karbenov izpeljanih iz TBTA. 
 Nove triazolijeve soli s piridinskim substituentom smo uporabili kot NHC prekurzorje za 
pripravo kompleksov s paladijem, rutenijem in iridijem. Medtem ko nam paladijevih 
kompleksov ni uspelo izolirati zaradi nastanka kompleksne zmesi produktov, so postopki 
z uporabo rutenijevih in iridijevih prekurzorjev vodili do želenih kompleksov z dobrimi 
izkoristki. 
 Novi Ru-(Py-tzNHC) in Ir-(Py-tzNHC) kompleksi so bili uspešno uporabljeni v reakcijah 
hidrogeniranja s prenosom vodika. Rezultati testnih reakcij pri redukciji benzofenona so 
pokazali, da so kompleksi z rutenijem približno 70% bolj učinkoviti od njihovih 
alkiliranih analogov. 
 Kombinirana eksperimentalna-DFT študija mehanizma Sonogashirove reakcije brez 
bakra je pokazala, da ta poteka po bicikličnem reakcijskem mehanizmu s ključno stopnjo 
transmetalacije med paladijevim oksidativnim aduktom aril halida in paladijevim 
acetilidom. Testni eksperimenti za ovrednotenje prejšnjih mehanističnih predpostavk so 
le-te pokazali kot neutemeljene in mehanizem, ki poteka preko transmetalacije, za najbolj 
verjetnega. 
 Primer transmetalacije med izoliranima intermediatoma, oksidativnim aduktom in 
paladijevim acetilidom, je bil uspešen in potrdil tvorbo željenega produkta Sonogashirove 
reakcije. 
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 Kinetična študija Sonogashirove reakcije brez bakra je pokazala, da je reakcija prvega 
reda glede na paladij. 
 Mehanizem Sonogashirove reakcije brez bakra je bil analiziran z natančno DFT študijo, 
ki je pokazala transmetalacijo kot verjeten proces pri sobnih pogojih. 
 Študirali smo tvorbo 1,2,4-trisubstituiranih-1,3-eninov. Reakcija spajanja je uspešno 
potekla med gem-eninom s sililnimi substituenti in aril jodidom. Na ta način smo 
pokazali, da lahko tvorba produktov poteka kot sekvenčen proces homodimerizacije 
acetilenov in Heckovega spajanja v primeru termično stabilnih acetilenov oziroma 
eninov. Reakcija z aromatskimi acetileni je pokazala temperaturno labilnost teh 
substratov oziroma njihovih dimerov. To pomeni, da tvorba končnih produktov v teh 
primerih poteka po alternativnih mehanizmih. 
 Reakcija hidroaminiranja acetilenov z uporabo Pd-iPEPPSI kompleksov poteka pri sobni 
temperaturi in brez uporabe aditivov do iminov z odličnimi izkoristki. 
 Mehanizem reakcije hidroaminiranja je bil natančno preučen z DFT izračuni. Pokazali 
smo ključno vlogo piridinskega substituenta v iPEPPSI kompleksih, v katerih le-ta deluje 
kot interna baza in omogoča prenos protonov. Gre za prvi primer tovrstne, aktivne vloge 
ligandov v katalitskih procesih. Odkritje bo ključno vplivalo na nadaljnji razvoj novega 
tipa katalitskih sistemov in z njimi kataliziranih procesov. 
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